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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-1556 

THE LUNAR O R I G I N  OF TEKCITES1 

By Dean R .  Chapman and Howard K .  Larson 

Recent research r e s u l t s  from the  d isc ip l ine  of atmosphere e n t r y  aerodynamics 
have been appl ied t o  t h e  study of t e k t i t e s ,  espec ia l ly  those found i n  Aus t ra l ia .  
Hypervelocity a b l a t i o n  experiments with t e k t i t e  g l a s s  have reproduced i n  t h e  l ab -  
ora tory  t h e  same surface sculpture  pa t te rns ,  t h e  same geometric re la t ionships ,  t h e  
same systematic a l t e r a t i o n  i n  i n t e r n a l  s t r i ae ,  and the  same types of co i led  c i r -  
cumferential  f langes  as those found on t h e  Australian t e k t i t e s .  The over -a l l  ev i -  
dence e s t ab l i shes  t h a t  t h e  a u s t r a l i t e s  are objects which have entered t h e  e a r t h ' s  
atmosphere as ind iv idua l  pieces  of r i g i d  g lass  and have been shaped by severe 
aerodynamic heat ing.  

Experiments have been conducted on molten g l a s s  e jec ted  i n t o  t h e  atmosphere 
with var ious v i s c o s i t i e s  and v e l o c i t i e s .  The r e s u l t s  demonstrate t h a t  t h e  config- 
ura t ions  commonly formed by the  ac t ion  of aerodynamic pressures  on f l u i d  g l a s s  do 
not resemble t h e  a u s t r a l i t e  primary shapes. These experiments a l s o  show t h a t  t he  
dominantly spheroidal forms of t h e  primary a u s t r a l i t e s  were formed i n  an environ- 
ment where the  atmospheric dens i ty  w a s  many orders of magnitude l e s s  than t h a t  a t  
t h e  e a r t h ' s  sur face .  
or iginated from e i t h e r  t h e  ear th ,  or t h e  other atmosphere -shrouded p lane ts  . 

These r e s u l t s  contradict  t h e  hypotheses t h a t  t h e  a u s t r a l i t e s  

Various comparisons a r e  made of experimental and ca lcu la ted  c h a r a c t e r i s t i c s  
of t e k t i t e  ab la t ion .  Calculations of t h e  surface temperature during ablat ion,  t h e  
recession r a t e ,  t h e  m a s s  l o s s  due t o  vaporization, and t h e  d i s t o r t i o n s  of i n t e r n a l  
g l a s s  s t r i a e  a r e  shown t o  be i n  c lose accord with measurements. The experimentally 
conf inned methods of calculat ion,  when applied t o  t h e  var ious observed character-  
i s t i c s  of t h e  a u s t r a l i t e s  - namely, t h e i r  amount of ab la t ion ,  t h e i r  ring-wave 
sculpture  pa t te rns ,  and t h e i r  d i s t o r t e d  in t e rna l  s t r i a e  - enable t h e  atmosphere- 
e n t r y  t r a j e c t o r i e s  t o  be determined within cer ta in  l i m i t s .  These t r a j e c t o r i e s  a r e  
i m c o q a t i b l e  with an o r ig in  from outside the s o l a r  system, and, i n  agreement with 
t h e  conclusions drawn from s tudies  of t h e i r  primary shapes, a r e  incompatible a l s o  
with o r i g i n  from t h e  ea r th  and t h e  other  planets; t h e  moon i s  the only known ce les -  
t i a l  object  of o r i g i n  which i s  compatible with t h e  a u s t r a l i t e  e n t r y  t r a j e c t o r i e s  
determined here in .  

lPaper presented a t  t h e  XIII th  In te rna t iona l  Astronaut ical  Congress, Varna, 
Bulgaria, Sept. 23-29, 1962. 



A comparison i s  made of t h e  d i s t r i b u t i o n  of chemical elements i n  t e k t i t e s ,  
e a r t h  crust ,  meteorites,  and other  cosmic bodies; and a b r i e f  discussion i s  pre-  
sented of the chemically d i f f e r e n t i a t e d  nature  of t h e  lunar  c rus t  t o  which the  
over - a l l  evidence points  . 

INTRODUCTION 

The s c i e n t i f i c  l i t e r a t u r e  on t e k t i t e s  now spans a h i s t o r y  of over 170 years  
and exhib i t s  a wonderful p r o l i f e r a t i o n  of diverse  hypotheses as t o  t h e  o r i g i n  of 
these  remarkable g l a s s  ob jec ts .  I n  ce r t a in  respec ts  t h e  h i s t o r y  of thought on 
t e k t i t e s  has p a r a l l e l e d  t h a t  on meteor i tes .  During t h e  nineteenth century - t h e  
f i r s t  century of s c i e n t i f i c  inqui ry  on meteori te  o r i g i n  - a p le thora  of hypotheses 
were advanced as  t o  the  o r i g i n  of t h e  stones and i rons  which f e l l  from t h e  sky: 
they  were suggested as coming from e a r t h  volcanoes, from moon volcanoes, from the  
sun, from l ightning fusing atmospheric dust ,  from comets, from t h e  region where 
the  as te ro ids  now are,  from the  f ixed  stars, and from J u p i t e r  and t h e  other  p lane ts  
During a comparable period of inqui ry  on t e k t i t e  o r i g i n  - from the  f i r s t  r e p o r t  of 
a u s t r a l i t e  discovery by t h e  eminent n a t u r a l i s t ,  Charles Darwin (1844), t o  t h e  
penetrating paper on t e k t i t e  o r ig in  by t h e  American s c i e n t i s t ,  H .  H .  Nininger 
(1943) - a l l  of these  hypotheses independently have been offered i n  an e f f o r t  t o  
explain the puzzling knowledge about t e k t i t e s .  
been suggested as or ig ina t ing  from the  splash of a cosmic body impacting t h e  ear th ,  
from drippings l e f t  behind when the  moon w a s  t o r n  from t h e  ear th ,  from meteor i t ic  
impact on the moon, from b a l l  l igh tn ing  s t r i k i n g  t e r r e s t r i a l  sediments, from pre-  
h i s t o r i c  c i v i l i z a t i o n s  remarkably advanced i n  g l a s s  technology, and from a b l a t i o n  
drops shed behind a parent cosmic body passing through t h e  ea r th ' s  atmosphere. 

I n  addi t ion,  t e k t i t e s  a l s o  have 

The extended h i s t o r i e s  of meteorite and t e k t i t e  inves t iga t ions  a l i k e  provide 
in s t ruc t ive  examples of how puzzles i n  n a t u r a l  science, which center  on mysterious 
objec ts  of unknown origin,  o f ten  a r e  solved: a deluge of hypotheses i s  advanced 
as t h e  inevi tab le  companion of inconclusive i n i t i a l  data;  t h e  process of so lu t ion  
slowly advances through t h e  time honored method of t r i a l  and er ror ,  wherein each 
hypothesis i s  compared with accumulated observat ional  da ta  and r e j e c t e d  if incom- 
pa t ib l e ;  progress i s  made incrementally by r e j ec t ing  bad hypotheses as wel l  as by 
accepting good ones; and some of t he  key s teps ,  which f o r  decades remain inacces- 
s i b l e  t o  the p a r t i c u l a r  s c i e n t i f i c  d i s c i p l i n e s  i n i t i a l l y  concerned with t h e  objects ,  
o f ten  become suddenly comprehensible through "by-product" r e s u l t s  from a new, o r  
d i f f e ren t ,  s c i e n t i f i c  d i sc ip l ine .  
some r e l a t i v e l y  new research r e s u l t s  obtained from t h e  young d i s c i p l i n e  of 
atmosphere e n t r y  aerodynamics as appl ied t o  t h e  old problem of t e k t i t e  o r ig in .  

It i s  t h e  design of t he  present  paper t o  survey 

The present work may be f a i r l y  termed an example of s c i e n t i f i c  by-product. 
Both t h e  experimental f a c i l i t i e s  and t h e  t h e o r e t i c a l  techniques upon which t h i s  
work i s  based were developed from researches of s c i e n t i s t s  who were unconcerned 
with, and generally unaware of, ob jec ts  c a l l e d  t e k t i t e s ,  but were involved with 
t h e  problem of protect ing spacecraf t  and m i s s i l e s  from severe atmospheric e n t r y  
heat ing.  
f i e l d  of t e k t i t e  study (Chapman, 1960) has ind ica ted  t h e  s ingular ly  important ev i -  
dence which aerodynamics br ings t o  bear on t h e  problem of t e k t i t e  o r ig in .  I n  t h i s  
study it was concluded: 

An i n i t i a l  a$pl icat ion of t h e s e  aerodynamic-entry researches t o  t h e  

(1) t h a t  t h e  Austral ian t e k t i t e s  exhib i t  unmistakable 
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evidence of having been shaped by aerodynamic ab la t ion  of r i g i d  g l a s s  ob jec ts  
during hyperveloci ty  e n t r y  i n t o  the  ear th’s  atmosphere, and ( 2 )  t h a t  t h i s  aero- 
dynamic evidence i s  s u f f i c i e n t l y  complete t o  deduce both the  i n i t i a l  v e l o c i t y  and 
t h e  i n i t i a l  angle of e n t r y  i n t o  the  ea r th ’ s  atmosphere. The unique importance of 
t h i s  type of knowledge l i e s  i n  the  simple f a c t  t h a t  t he  e n t r y  v e l o c i t y  and t h e  
e n t r y  angle determine t h e  e a r t h  approach t ra jec tory ,  and the  t r a j e c t o r y  determines 
the  place of t e k t i t e  o r i g i n .  
1962) we have elaborated on experiments which document conclusion (1); i n  t h i s  
paper we e labora te  s i m i l a r l y  on conclusion ( 2 ) .  
per ta in ing  t o  conclusion (1) a l s o  i s  reviewed b r i e f l y  here in  and brought up t o  da te .  

I n  a recent  paper (Chapman, Larson, and Anderson, 

For completeness, t h e  evidence 

A magnificently complete aerodynamic record has been imprinted on t h e  
thousands of t e k t i t e s  found strewn over the  southern por t ion  of t h e  Austral ian 
cont inent .  
be read with q u a n t i t a t i v e  c l a r i t y .  It i s  known t h a t  t h e  amount of a b l a t i o n  by 
aerodynamic heat ing can be determined from studies  of e x t e r n a l  shape; that the  
heat ing r a t e s  p r i o r  t o  terminat ion of a b l a t i o n  can be ascer ta ined from c e r t a i n  
d i s t o r t i o n s  of t h e  i n t e r n a l  s t r i a e  pa t te rn ;  and t h a t  t h e  s tagnat ion point  pressure 
p r i o r  t o  terminat ion of ab la t ion  (as shown i n  t h i s  r epor t )  can be deduced from 
c e r t a i n  sculpture  f e a t u r e s  on the  t e k t i t e ’ s  f ron t  f a c e .  Calculations of t h e  amount 
of a b l a t i o n  and t h e  d i s t o r t i o n  of s t r i a e  previously have been used t o  determine 
t h e  approximate e n t r y  t r a j e c t o r i e s  of several  a u s t r a l i t e s  (Chapman, 1960), and 
these  t r a j e c t o r i e s  pointed t o  t h e  moon as the source of a u s t r a l i t e  o r ig in .  I n  
t h i s  paper t h e  sculpture  pat tern,  as represented by t h e  spacing between ring-wave 
flow r idges,  i s  s i m i l a r l y  used f o r  independent t r a j e c t o r y  determinations.  

A t  present  a s u b s t a n t i a l  portion, though not a l l ,  of t h i s  record can 

I n  t h e  preparat ion of t h i s  repor t  an underlying t e n e t  has guided t h e  choice 
of mater ia l  and the  manner of presentat ion,  namely, t h a t  t h e  majori ty  of s c i e n t i s t s  
i n t e r e s t e d  i n  t e k t i t e s  a r e  from diverse  d i sc ip l ines  o ther  than atmosphere e n t r y  
aerodynamics. It i s  recognized t h a t  s c i e n t i s t s  from long-established d i s c i p l i n e s  
r i g h t f u l l y  a r e  wary of r e s u l t s  from a new disc ip l ine ;  and t h a t  few of t h e  many 
geologis ts ,  geochemists, mineralogists,  n a t u r a l i s t s ,  and pe t ro logis t s ,  who have 
conducted t h e  p r i n c i p a l  body of previous research on t e k t i t e s ,  a r e  f a m i l i a r  with 
the  substance of t he  framework underlying the atmosphere-entry evidence as t o  
t e k t i t e  o r ig in .  
t r i a l  o r i g i n  f o r  t e k t i t e s .  When a research t o p i c  in te r twines  s o  many d i sc ip l ines ,  
and controverts  t he  published views of so  many s c i e n t i s t s ,  any new r e s u l t  t h a t  may 
be demonstrable o r  accepted by individuals  i n  one d i s c i p l i n e  of ten  i s  disregarded 
o r  r e j e c t e d  by o thers  i n  a d i f f e r e n t  d i sc ip l ine ,  e s p e c i a l l y  i f  t he  r e s u l t s  appear 
t o  be only “ca lcu la ted”  ones. 
and of t h e  s ingular  importance of t h e  aerodynamic evidence on t e k t i t e  or ig in ,  we 
have sought throughout t o  conduct measurements wherever e x p l i c i t  da ta  a re  missing, 
t o  u t i l i z e  thorough a n a l y t i c a l  methods whenever computations a r e  made, and t o  
document in  d e t a i l  t h e  combined experimental-analytical  foundation upon which t h e  
f i n a l  conclusions a r e  based. 
revealed of t h e  s t rength  behind t h e  aerodynamic evidence as t o  t h e  o r i g i n  of t h e  
Austral ian t e k t i t e s .  

Many s c i e n t i s t s  from these d iverse  f i e l d s  have favored a t e r r e s -  

Consequently, i n  recogni t ion of t h e s e  circumstances, 

I n  t h i s  way w e  hope t h a t  a c l e a r e r  view may be 

I n  carrying out oilr program, we have had t h e  indispensible  a s s i s t a n c e  of many 
indiv idua ls .  Our indebtedness i s  espec ia l ly  g rea t  t o  Dr. George Baker of t h e  
Universi ty  of Melbourne, who, during the  pas t  t h r e e  years,  has generously providcd 
us with extensive unpublished d a t a  on h is  near  per fec t  Port  Campbell austGal i tes ,  
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as well  as with various o ther  observations t h a t  have advanced the  progress of t h i s  
research. Our acknowledgement a l s o  i s  extended here  t o  Professor G .  H .  R .  von 
Koenigswald, of t h e  University of Utrecht, who provided s e v e r a l  Java t e k t i t e s  f o r  
de ta i led  study. To our colleagues a t  t h e  Ames Research Center, M r .  Lewis A.  
Anderson and M r .  Norman B.  Zimmerman, who have a s s i s t e d  with t h e  t e k t i t e  a b l a t i o n  
experiments, M r .  Frank J .  Centolanzi, who has measured t h e  vapor pressure of 
t e k t i t e  glass ,  Mr. George Lee, who has conducted experiments on the  breakup of 
molten'glass and t h e  a b l a t i o n  of g lycer in  g lass ,  and t o  M r .  Fred Matting, who has 
a s s i s t e d  with some of t he  a b l a t i o n  ca lcu la t ions ,  we g r a t e f u l l y  express our 
indebtedness and our appreciat ion.  

EVIDENCE FOR ATMOSPHEFB ENTRY OF AUSTRALITES 

A de ta i led  record of hypervelocity a b l a t i o n  by aerodynamic heat ing has been 
imprinted on t h e  e x t e r i o r  surface,  and implanted wi th in  t h e  i n t e r i o r  s t ruc tu re ,  of 
t h e  b e t t e r  preserved Austral ian t e k t i t e s .  I n  an e a r l i e r  paper (Chapman, Larson, 
and Anderson, 1962) we have described some aerodynamic experiments with t e k t i t e  
g l a s s  wherein a number of t he  curious and s ingular  f e a t u r e s  observed on t e k t i t e s  
were c l e a r l y  reproduced by a b l a t i o n  i n  a hypervelocity a i r  stream. More r e c e n t l y  
we have observed some a d d i t i o n a l  f e a t u r e s  of congruency between n a t u r a l  t e k t i t e s  
and ab la t ion  products from the  aerodynamic labora tory .  It i s  the  design of t h e  
present sect ion t o  review b r i e f l y  t h e  previous evidence, and more completely t h e  
recent supplementary evidence, which demonstrates t h a t  t h e  a u s t r a l i t e s  were sculp- 
t u r e d  by aerodynamic ab la t ion  during e n t r y  i n t o  t h e  e a r t h ' s  atmosphere. 
evidence i s  drawn from independent observations on e x t e r n a l  sculpture ,  geometric 
re la t ionships ,  i n t e r n a l  s t ruc ture ,  and aerodynamic s t a b i l i t y  of t e k t i t e  forms. 

This 

The most  unique f ea tu re  of t e k t i t e  sculpture  i s  t h e  presence of ring-wave 
flow r idges and circumferent ia l  f langes  on "button" type t e k t i t e s  found t h i n l y  
spread over t h e  southern ha l f  of t h e  Austral ian cont inent .  Sometimes t h e  flow 
r idges form a s p i r a l  r i ng  and sometimes a s e r i e s  of concentric r i n g s .  
a b l a t i o n  experiments have reproduced qu i t e  c l o s e l y  the  s m s  systems of ring-wave 
flow r idges and t h e  same types of c i rcumferent ia l  f l anges .  I n  f igu re  1 a summary 
comparison i s  presented of t h r e e  d i f f e r e n t  t e k t i t e  g l a s s  models ab la ted  i n  an a r c  
j e t ,  with three d i f f e r e n t  Austral ian t e k t i t e s  now housed i n  t h e  B r i t i s h  Museum. 
A r t i f i c i a l  products a r e  at t h e  top, and n a t u r a l  t e k t i t e s  at the  bottom. A l l  a r e  
shown enlarged t o  a common s i z e .  Their a c t u a l  diameters very somewhat, being 21, 
16, and 22 mm, respect ively,  f o r  t h e  a r t i f i c i a l  t e k t i t e s  shown from l e f t  t o  r i g h t  
i n  f ron t ,  side, and base view; and 25, 24, and 23 mm, respect ively,  f o r  t h e  cor-  
responding na tura l  t e k t i t e s .  The p r i n c i p a l  f e a t u r e s  of congruity i n  scu-ibpture 
between a u s t r a l i t e  buttons and aerodynamic a r t i f a c t s  a r e  self-evident  from t h i s  
f igure,  and require  no f u r t h e r  comment. 

Aerodynamic 

Some of t he  very r a r e  a u s t r a l i t e  shapes, as w e l l  as t h e  more common button 
A types described above, can a l s o  be reproduced i n  t h e  aerodynamic laboratory.  

photograph of t h e  s ide  view of an uncommon t e k t i t e  configurat ion i s  presented i n  
the  lower portion of f igu re  2 .  
Baker's t r e a t i s e  (Baker, 1959) wherein t h e  loca t ion  of f i n d  i s  l i s t e d  as being 
near Gladstone, Northeast Tasmania. 
buttons,  t h i s  t e k t i t e  possesses a remarkably wide f lange shaped l i k e  a ha t  brim, 
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brings about a s ign i f i can t  reduct ion i n  t h e  laminar convection heat ing ra te  which 
v a r i e s  a s  R F - ~ / ~ ,  and t h i s  aspect  of t e k t i t e  ab la t ion  physics must be considered 
i n  an accurate ca l cu la t ion  of t he  amount of ab la t ion .  After  t h e  s tagnat ion poin t  
recesses  t o  beyond about ys = 0.6 RB, t h e  value of RF begins t o  decrease, as 
i l l u s t r a t e d  i n  f i g u r e  3 by t h e  curve t h a t  extends t o  t h e  point  
RF/RB 0.8.  The terminat ion of t h i s  curve corresponds t o  t h e  point  a t  which t h e  
a rc  w a s  extinguished and ab la t ion  ceased. 
e a r l i e r  time, a point  anywhere along t h i s  curve could have been obtained f o r  t h e  
f i n a l  value of RF/RB. Thus t h e  var ious  curves represent ing aerodynamic ab la t ion  
are t o  be compared with t h e  var ious da t a  poin ts  i n  f i g u r e  3 represent ing te rmina l  
RF/RB values f o r  Austral ian t e k t i t e s .  These da t a  poin ts  correspond t o  RB values  
g rea t e r  than 0 . 7  em (most a r e  i n  t h e  range 0.8 < RB < 1 . 2  em) f o r  which sur face  
tens ion  of t h e  f lange  m e l t  does not  a f f e c t  s i g n i f i c a n t l y  t h e  ove r -a l l  geometry. 
For values of RB below about 0.7 or 0.6 cm, sur face  tens ion  phenomenon becomes 
important; and t h e  values,  from both t h e  aerodynamic experiments and t h e  
t e k t i t e  measurements, can be considerably higher  and t h e  se l f -p ro tec t ive  mechanism 
more important. It i s  noted t h a t  a u s t r a l i t e s  from d i f f e r e n t  t e k t i t e  co l l ec t ions  
a r e  included i n  f igu re  3; t h e  c i r c l e s  represent  pe r f ec t  buttons,  and t h e  c i r c l e s  I 

with hor izonta l  l i n e s  represent  lenses  and incomplete buttons,  from t h e  co l l ec t ion  ' 

of Dr. George Baker, t o  whom w e  a r e  indebted f o r  sending these  da ta  i n  advance of ~ 

t h e i r  publ icat ion (Baker, l962a) ; t h e  squares represent  a u s t r a l i t e s  from t h e  co l -  
l e c t i o n  of t h e  Smithsonian I n s t i t u t e  of t h e  U .  S .  Nat ional  Museum kindly  loaned t o  
us by M r .  Edward Henderson; t h e  diamonds represent  two but tons from t h e  co l l ec t ion  
of D r .  W i l l i a m  Cassidy; and t h e  t r i a n g l e  symbol represents  t h e  remarkable hollow 

ys = 1.45 RB: 

If ab la t ion  had been terminated a t  some 

F ~ / R B  

i 
button t e k t i t e  of S t e l t zne r  (1893). 
i s  t h a t  the geometric r e l a t ionsh ip  between surface curvature and dimensions of 
Austral ian t e k t i t e s  i s  i n  quan t i t a t ive  harmony with t h e  geometric r e l a t ionsh ips  
produced by aerodynamic ab la t ion .  

The e s s e n t i a l  point  i l l u s t r a t e d  by t h i s  f i g u r e  

I n  addi t ion t o  the  congrui ty  i n  geometry between Austral ian t e k t i t e s  and 
aerodynamically ab la ted  t e k t i t e  g lass ,  t h e r e  a l s o  e x i s t s  a conformity i n  i n t e r n a l  
s t ruc tu re .  
1934; Barnes, 1939; Baker, 1944, 1959), f irst ,  when some parent t e k t i t e  ma te r i a l  
w a s  f u s e d t o  form primary g l a s s  bodies (mostly spheres)  and, second, when these  
bodies were subsequently heated t o  form t h e  flow r idges  and f l anges .  The f i r s t  
heat ing l e f t  an i r r egu la r ,  o f t en  contorted,  s t r i a e  pa t t e rn  t h a t  c o n s t i t u t e s  a d i s -  
t inguishing c h a r a c t e r i s t i c  of t e k t i t e  g l a s s  (Barnes, 1939, 1960) . The second 

It has long been known t h a t  t h e  a u s t r a l i t e s  were twice melted (Fenner, 

heat ing l e f t  (1) t h e  chemical composition of t h e  f lange,  re la t ive  t o  t h e  core, 
s e l ec t ive ly  de f i c i en t  i n  t h e  more v o l a t i l e  oxides (Taylor, 1961), ( 2 )  t h e  s t r i a e  
p a t t e r n  within t h e  f lange  co i led  always i n  a cons is ten t  d i r ec t ion  (Baker, 1944),  
and ( 3 )  the s t r i a e  p a t t e r n  within a very t h i n  f r o n t a l  l aye r  sys temat ica l ly  d i s t o r t e d  
i n  a p a r t i c u l a r  mathematical fash ion  (Chapman, l$O). It i s  t o  be noted t h a t  these  ' 
t h ree  conditions, produced during t h e  second heat ing of t h e  a u s t r a l i t e ,  a r e  concord- 
an t  with those produced a t  hyperve loc i t ies  by t h e  heat ing of aerodynamic f r i c t i o n .  
The observed se l ec t ive  l o s s  of t h e  more v o l a t i l e  a l k a l i  elements during f lange  
formation, a s  estimated by Taylor (1961) from comparative lo s ses  observed wi th  
powdered t e k t i t e s  i n  a d . c .  a rc ,  corresponds t o  a temperature of a f e w  thousand 
degrees Kelvin; ab la t ion  temperatures f o r  t e k t i t e  g l a s s  during atmosphere e n t r y  
r e a d i l y  reach i n t o  t h i s  range ( typ ica l ly ,  2 5 0 0 O  t o  2gO0° K)  where s u b s t a n t i a l  vapor- 
i z a t i o n  of t h e  m e l t  flow occurs.  That t h e  type of s t r ia  co i l i ng  observed wi th in  
a u s t r a l i t e  f langes  a l s o  i s  produced by aerodynamic ab la t ion  m y  be  seen from t h e  
photographs i n  f i g u r e  4 of two t h i n  sect ions;  t h a t  on t h e  r i g h t  i s  reproduced from 
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and only a s i n g l e  ring-wave flow r idge .  Shown f o r  purposes of comparison i n  t h e  
t o p  po r t ion  of f i g u r e  2 i s  a configuration of glycer in  g l a s s  photographed during 
an aerodynamic experiment. Here t h e  wind-tunnel stream w a s  d i r ec t ed  v e r t i c a l l y  
upward ( a  po r t ion  of t h e  c y l i n d r i c a l  support t o  which t h e  model i s  a t tached can be 
seen a t  t h e  t o p  of the photograph). 
ablat ion,  e x h i b i t s  a hat-brim flange, and a s ingle  ring-wave flow ridge, s t r i k i n g l y  
similar t o  those on t h e  Tasmanian t e k t i t e .  It i s  s i g n i f i c a n t  t h a t  such an uncommon 
t e k t i t e  configurat ion could be obtained i n  our experiments only by ad jus t ing  very 
c a r e f u l l y  t h e  t e s t  conditions s o  t h a t  t h e  aerodynamic f o r c e  tending t o  push t h e  
ab la t ed  melt f low upward j u s t  balanced t h e  g r a v i t a t i o n a l  fo rce  tending t o  p u l l  it 
downward. A s m a l l  per turbat ion i n  stream conditions f r o m t h o s e  of t h i s  d e l i c a t e  
adjustment w a s  found t o  r e s u l t  e i t h e r  i n  a downstream movement and a contract ion 
of t h e  flange, coupled with t h e  appearance of more than one r i n g  wave, o r  e lse  i n  
a detachment of some por t ion  of t h e  f lange brim coupled with a reshaping of t h e  
remaining f lange po r t ion .  I n  t h i s  experiment t he  g r a v i t a t i o n a l  body f o r c e  i n  t h e  
v e r t i c a l  wind tunne l  provides a dynamically similar analogue t o  t h e  dece le ra t ion  
body f o r c e  i n  an e n t r y  f l i g h t ;  both fo rces  a r e  d i r ec t ed  p a r a l l e l  t o  t h e  a x i s  of 
symmetry and are exerted uniformly over each volume element; and t h e  f a c t  t h a t  t h e  
g r a v i t a t i o n a l  f o r c e  i n  t h e  wind tunnel  i s  smaller than t h e  corresponding decelera-  
t i o n a l  f o r c e  i n  f l i g h t  i s  p r e c i s e l y  compensated by propor t iona l ly  smaller aero- 
dynamic forces ,  so  t h a t  mechanical s i m i l a r i t y  i s  achieved between l abora to ry  and 
f l i g h t  condi t ions.  Among t h e  many thousands of a u s t r a l i t e s ,  t h e  r e l a t i v e l y  rare 
observance of t h i s  shape, with i t s  w i d e ,  hat-brim flange, i s  a circumstance e n t i r e l y  
consonant with, and c l e a r l y  explained by, t h e  experimental observation t h a t  d e l i -  
c a t e l y  adjusted aerodynamic conditions a r e  required t o  produce such a configurat ion.  
We see, t he re f  ore, both congruence between t e k t i t e  configurat ion and aerodynamic 
sculpture,  and consonance between observed rar i ty  of t h i s  configurat ion i n  t h e  
s t rewnfields  and required s e l e c t i v i t y  of t h e  dynamic conditions f o r  i t s  production. 

This configuration, produced by aerodynamic 

Additional corroborating evidence t h a t  the present  sculptur ing on t h e  b e t t e r  
preserved Austral ian t e k t i t e s  i s  aerodynamic i n  o r i g i n  has been obtained from a 
study of t h e  geometric r e l a t i o n s h i p  between surface curvature and t e k t i t e  dimen- 
s ions .  The geometric q u a n t i t i e s  enter ing t h i s  r e l a t i o n s h i p  are t h e  f r o n t  surface 
rzdius  of culvst,iire Q, t h e  back surface radius of curvature RB, and t h e  depth 
D e  measured along t h e  a x i s  of symmetry. When a t e k t i t e  g l a s s  sphere, of r ad ius  
RB, i s  exposed t o  severe aerodynamic heating, t h e  r ad ius  of curvature of t h e  
receding f r o n t  f ace  v a r i e s  with t h e  depth of ab la t ion  
i l l u s t r a t i n g  ys, RB, and & i s  included as pa r t  of f i g u r e  3 ) .  Photographs of 
t h e  t e k t i t e  a b l a t i o n  process i n  a hypervelocity a r c  j e t  show, as would be expected, 
t h a t  mclting begins a t  t h e  s tagnat ion po in t  where t h e  heat ing i s  most severe; t h e  
f l u i d  g l a s s  i n  t h e  s tagnat ion region i s  moved by aerodynamic f o r c e s  r a d i a l l y  out- 
ward t o  t h e  cooler equa to r i a l  region where it accumulates i n  a t o r o i d a l - l i k e  bulge 
on t o p  of t h e  o r i g i n a l  sphe r i ca l  surface.  A s  t h e  bulge accumulates, RF increases  
from i t s  o r i g i n a l  value of RB. This t r e n d  i s  evident i n  f i g u r e  3 from t h e  s o l i d  
curves represent ing t h e  v a r i a t i o n  i n  
from cinematographic f i l m  records of t h e  ab la t ion  process; t h e  d i f f e r e n t  curves 
correspond t o  d i f f e r e n t  t e k t i t e  g l a s s  compositions ( e  .g ., 63-percent s i l i c a  f o r  
t h e  lower curve, 72 percent f o r  t h e  upper) and t o  d i f f e r e n t  aerodynamic heat ing 
condi t ions.  The value of RB f o r  t h e s e  experiments, 0.79 em, i s  comparable t o  t h e  
value of 0.85 em l i s t e d  by Baker (1935) as the  average f o r  a u s t r a l i t e  bu t tons .  
a c e r t a i n  sense t h e  i n i t i a l  response of RF 
as a se l f -p ro tec t ive  one; t h e  increase i n  F?q t o  values  t h e  order of 1 .3  RB 

ys = 2Rg - D e  ( a  sketch 

&/RB with y s / R ~ .  Each curve w a s  obtained 

I n  
t o  t h e  a b l a t i o n  process may be viewed 
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p la t e  X of Baker's t r e a t i s e  (1959), and represents a meridional t h i n  sec t ion  cut 
from a u s t r a l i t e  No. 279 of h i s  co l lec t ion ;  t ha t  on the  l e f t  represents  a meridional 
t h i n  sec t ion  cut  from one of our models of aerodynamically ablated t e k t i t e  g l a s s .  
I n  t h i s  l a t t e r  case t h e  pre-ablat ion model was constructed from a r i z a l i t e  specimen 
( 7  gm, Pugad Eabuy, Luzon) . I n  both t h i n  sections a common manner and d i r e c t i o n  of 
f lange  co i l i ng  i s  evident .  

Correspondence of c e r t a i n  f i n e  d e t a i l s  of f lange  s t r i a e  pa t te rns  a l so  has been 
found between n a t u r a l  t e k t i t e s  and ab la t ion  products from t h e  aerodynamic labora-  
tory,  as may be seen f r o m t h e  comparison i n  f igure 5 .  The f lange formed by aero- 
dynamic a b l a t i o n  and t h a t  formed by t h e  second heating of t h e  a u s t r a l i t e  a l i k e  
show curious, zigzag s t r i a e  i n  t h e  outer  entwinings of t h e  f lange .  

Of g r e a t e r  s ignif icance,  perhaps, than  these immediately percept ible  
s i m i l a r i t i e s  i s  t h e  l e s s  evident correspondence i n  s t r i a e  p a t t e r n s  near t he  f r o n t  
face  of n a t u r a l  t e k t i t e s  and aerodynamic a r t i f a c t s .  This correspondence i s  
revealed by t h e  p a r t i c u l a r  mathematical fashion i n  which the  s t r i a e  have been 
d i s t o r t e d  within only a very t h i n  l aye r  j u s t  beneath t h e  f ron t  sur face .  I n  f igu re  6 
a r e  presented t h i n  sec t ion  photographs from one of our models ( I C  202-2) i n  which 
t h e  th inness  of t he  melt l aye r  may be seen. This model w a s  constructed from the  
t a i l  por t ion  of an indochini te  teardrop (18 gm specimen, Dalat, South Viet -Nam) 
wherein t h e  bas ic  s t r i a e  p r i o r  t o  ab la t ion  tended t o  follow a common d i r e c t i o n  
roughly p a r a l l e l  t o  t h e  ax i s  of symmetry. This enables a c l e a r  separat ion t o  be 
made of t h e  bas ic  and d i s t o r t e d  s t r i a e  pa t t e rns .  Various quan t i t i e s  enter ing t h e  
ana lys i s  of s t r i a e  displacement a re  a l s o  i l l u s t r a t e d  i n  t h i s  f i g u r e .  The mathe- 
mat ical  c h a r a c t e r i s t i c s  of s t r i a e  displacement ( d )  varying l i n e a r l y  with d is tance  
( x )  from t h e  s tagnat ion point,  and exponentially with depth ( y )  below the  surface,  
a r e  the  c h a r a c t e r i s t i c s  required by aerodynamic a b l a t i o n  theory.  These p a r t i c u l a r  
c h a r a c t e r i s t i c s  a r e  exhibi ted both i n  a u s t r a l i t e s  and i n  models of t e k t i t e  g l a s s  
ab la ted  by aerodynamic heating, as shown i n  an e a r l i e r  paper (Chapman, Larson, and 
Anderson, 1962).  Some d a t a  taken from t h i s  paper a r e  presented i n  f igu re  7 which 
i l l u s t r a t e s  t h e  exponential-l ike v a r i a t i o n  of s t r i a  displacement d( y) . The curve 
labeled " a u s t r a l i t e  B 279" represents  r eg i s t r a t ion  No. 279 of Baker's co l lec t ion ,  
and t h a t  labeled "aerodynamic ablat ion" represents a model (A-123) from our labora- 
t o r y  experiments which, p r i o r  t o  ablat ion,  was ground from a piece of Austral ian 
t e k t i t e  g l a s s  ( 7  gm, core, Nullarbor P l a i n ) .  
t e k t i t e  and ab la ted  model exhib i t  t he  exponential-type v a r i a t i o n  required by aero-  
dynamic a b l a t i o n  theory; but t h e  two curves are s h i f t e d  i n  depth by an amount 
Ay = 0.013 cm. This s h i f t  i s  a t t r i b u t e d  t o  erosion by the  agents of chemical 
e tching and mechanical abrasion t h a t  have acted on t h e  a u s t r a l i t e ' s  f r o n t  f ace  
during i t s  many mi l len ia  of t e r r e s t r i a l  exposure. Thus the  present f r o n t  surface 
would have been about 0.013 cm below t h e  or iginal ,  f r e s h l y  ab la ted  surface,  and 
an allowance f o r  t h i s  w i l l  place t h e  two 

It i s  evident t h a t  both the  n a t u r a l  

d(y)  curves i n  exce l len t  agreement. 

One of t he  most cha rac t e r i s t i c  f ea tu re s  of hypervelocity aerodynamic a b l a t i o n  
i s  that, t h e  melt l ayer  invar iab ly  i s  t h i n ;  the exponential  decrement f o r  t h e  
examples i n  f igu re  7 i s  only 0.1 mm, and t h e  e n t i r e  melt l aye r  i s  only a few t en ths  
of a mil l imeter  t h i ck .  Such thinness  i s  a manifestation of t h e  extremely high 
heat ing r a t e s  vhich produced t h e  systematic s t r i a e  d i s to r t ions ,  and a t  the  same 
time, i s  a f i r m  indica t ion  t h a t  the  g l a s s  body so  heated w a s  s t r u c t u r a l l y  r i g i d  
p r i o r  t o  ab la t ion .  
and i n v a r i a b l y  exhibi t ,  f o r  similar reasons, a fus ion  c rus t  of comparable th inness .  

Stone meteori tes  a r e  exposed t o  t h e  same physical  phenomena, 
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As i l l u s t r a t e d  i n  f igu re  8, t h e  correspondence i n  systematic s t r i a e  d i s t o r t i o n s  
between na tura l  t e k t i t e s  and ab la t ion  products extends a l s o  t o  the  v a r i a t i o n  with 
d is tance  x from t h e  s tagnat ion point  ( x  = s + d ) ;  both exhib i t  t h e  l i n e a r  d(x)  
va r i a t ion  required by aerodynamic ab la t ion  theory .  The somewhat d i f f e r e n t  i n c l i n a -  
t i o n  o f  the two s t r a i g h t  l i n e  approximations f o r  d ( x )  i s  not  s ign i f i can t ,  inasmuch 
as t h e  slope depends on t h e  p a r t i c u l a r  heat ing r a t e ,  radius  of curvature,  and 
f ixed  depth y se lec ted  f o r  t h e  measurements. 

A s  a f i n a l  source of evidence t h a t  t he  a u s t r a l i t e s  have entered t h e  ea r th ' s  
atmosphere, a t t en t ion  i s  ca l l ed  t o  t h e i r  aerodynamic s t a b i l i t y  and t o  t h e  compati- 
b i l i t y  of t h e  o r i en ta t ion  f o r  such s t a b i l i t y  with t h a t  ind ica ted  by surface melt 
p a t t e r n s .  
of a u s t r a l i t e  configurat ions have been given i n  an e a r l i e r  paper (Chapman, Larson, 
and Anderson, 1962) and w i l l  not be repeated here .  
t h e  end r e s u l t .  From an ana lys i s  of t h e  s t a t i s t i c s  given by Baker (1956) as t o  
t h e  shape categories  i n t o  which about 8,000 a u s t r a l i t e s  can be classif ' ied,  it has 
been Pound t h a t  over 98 percent represent  configurat ions possessing both s t a t i c  
and dynamic s t a b i l i t y  during a I I _ ~  descending en t ry  i n t o  t h e  ea r th ' s  atmosphere. 
Their sculpture dec is ive ly  ind ica tes  a s t a b l e  f l i g h t ;  moreover, t h e  p a r t i c u l a r  
or ien ta t ion  f o r  aerodynamic s t a b i l i t y  i s  p rec i se ly  compatible with t h e  p a r t i c u l a r  
or ien ta t ion  indicated by t h e  m e l t  pa t t e rn  observed on each configurat ional  ca t e -  
gory.  Such a high percentage of aerodynamically s t a b l e  f l i g h t s  would not  occur i n  
ascending t r a j e c t o r i e s  (as these  encompass unstable  f l i g h t  condi t ions) ,  nor among 
objects ,  such as meteori tes  and other  t e k t i t e  groups, of l e s s  regular  shape than 
t h e  f igures  of revolut ion of t h e  primary a u s t r a l i t e s .  

Technical d e t a i l s  r e l a t i n g  t o  a study of t h e  s t a t i c  and dynamic s t a b i l i t y  

Mention i s  made, however, of 

Swnmarizing thus far,  we have seen t h a t  t h e  ex terna l  sculpture ,  t h e  i n t e r n a l  
s t ruc ture ,  t h e  geometric re la t ionships ,  and t h e  aerodynamic s t a b i l i t y  of t h e  
Australian t e k t i t e s  leave no doubt t h a t  they  were shaped by severe aerodynamic 
heat ing sometime i n  t h e  d i s t a n t  pas t  when myriads of g l a s s  spheroids descended a t  
hypervelocity i n t o  t h e  e a r t h ' s  atmosphere. Ablation has modified markedly t h e  
primary shapes possessed b y  these  t e k t i t e s  before t h e i r  atmospheric plunge; and 
t he  extent of t h i s  modification, as determined by t h e  d i f fe rence  between t h e  or ig-  
i n a l  primary shape and the  aerodynamic secondary shape, i s  one important key t o  
t h e i r  o r ig in .  I n  t h e  sec t ion  which follows, previous evidence i s  reviewed and some 
new aerodynamic experiments a r e  discussed which pe r t a in  t o  t h e  formation of primary 
t e k t i t e  shapes. 

AERODYI'?&IIC EVIDENCE PERTfiINING TO THE ORIGIN 
OF PRIMARY AUSTRALITE SHAPES 

The idea of ten  has been advanced t h a t  t h e  a u s t r a l i t e s  ,were formed by 
aerodynaric pressures  during t h e  passage through t h e  a i r  of so f t ,  molten g l a s s  
( e  .g . ,  Darwin, 1844, Walcott, 1898, Grant, 1909, Moore, 1916, Hardcastle,  1926, 
Lacroix, 1932, Spencer, 1.933a, and Fermer, 1938) . We have demonstrated e a r l i e r ,  
however, t h a t  t h e  --_-- secondary shapes of t h e  a u s t r a l i t e s  were formed by  t h e  ac t ion  of 
aerodynamic heating on r i g i d  g lass ,  r a t h e r  than by aerodynamic pressures  on s o f t  
g lass ;  but we  have not previously ascer ta ined  whether t h e  primary shapes could have 
been formed by aerodynamic pressures .  
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From s tud ie s  of thousands of a u s t r a l i t e s ,  it has been concluded t h a t  about 
80 percent  of the primary shapes were e i t h e r  spheres, o r  oblate  spheroids c lose 
t o  spheres (Fermer, 1938; Baker, 1955, 1936) .  An example of a meridional sec t ion  
from a c a s t  of a t e k t i t e ,  f o r  which it i s  ce r t a in  t h a t  t h e  o r i g i n a l  shape w a s  very 
c lose  t o  spherical ,  i s  i l l u s t r a t e d  i n  f igu re  9 .  This a u s t r a l i t e ,  kindly loaned t o  
u s  by D r .  W i l l i a m  Cassidy, i s  i d e n t i f i e d  i n  h i s  co l l ec t ion  as No. 625,  from 
Charlot te  Waters. Curvature gauges applied t o  d i f f e r e n t  a reas  of t h e  spher ica l  
base revealed t h e  v a r i a t i o n  i n  curvature, f r o m  t h a t  of a sphere of 1.83 em diameter, 
t o  be only about 1 o r  2 percent .  A s  i s  indicated i n  t h i s  f igure ,  t h e  volume of 
f lange  p lus  core accounts f o r  a l l  but a small port ion of t he  volume of t h e  primary 
sphere; t h e  remaining por t ion  amounts t o  11 percent of t h e  primary-sphere volume. 
This l a t t e r  amount i s  comparable with the  calculated amount of g l a s s  vaporized i n  
t h e  process of forming t h e  f lange  melt .  There could not have been more ma te r i a l  
l o s t  from t h e  f r o n t  por t ion  of t h e  primary object than t h a t  accounted f o r  s ince,  
i f  t h e r e  were, t h e  primary configurat ion would have been a p ro la t e  spheroid, a 
shape which i s  aerodynamically unstable  with i t s  longer a x i s  p a r a l l e l  t o  t he  f l i g h t  
d i r e c t i o n  and which would have flown i n  an a t t i t u d e  or ien ta ted  90° from t h a t  
observed. Thus, on a u s t r a l i t e  buttons of t h i s  type,  t h e  o r i g i n a l  primary shape i s  
known t o  have been very  close t o  a sphere, a n a t u r a l  shape produced by t h e  fo rces  
of surface tens ion  when o ther  d i s t o r t i n g  forces  a re  neg l ig ib l e .  

Three d i f f e r e n t  methods were employed f o r  e jec t ion  of the molten g l a s s :  (1) low 



following t a b l e  i l l u s t r a t e s :  
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The f igures  given f o r  t h e  a u s t r a l i t e s  a r e  based on a t o t a l  of about 8000 t e k t i t e s  
from t h e  combined Victorian,  Nullarbor Plain,  and Charlot te  Waters a reas  (Baker, 
1956). 
d i scs ;  i n  t he  elongate category a re  ovals, boats,  dumbbells, and canoes. Relat ive 
t o  t h e  a u s t r a l i t e - l i k e  d i s t r i b u t i o n  obtained f o r  p = 2.9, t h e  percentage of shapes 
i n  each category changed completely as t h e  g l a s s  v i s c o s i t y  w a s  changed: 
was reduced by a f a c t o r  of about 4, t o  0 .8  poise,  almost a l l  t h e  forms w e r e  spheri-  
ca l ;  when increased by a f a c t o r  of about 12, t o  35 poise,  t h e  majori ty  w e r e  t e a r -  
drops and few were round forms. Whereas, a t  a s t i l l  higher v i scos i ty ,  of 135 poise,  
most were nondescript forms, many were teardrops,  and none were round forms. This 
marked dependence of shape on v i s c o s i t y  i s  understandable. A s  soon as a g l a s s  m a s s  
i s  disrupted i n t o  i r r e g u l a r  forms, surface tens ion  fo rces  begin t o  cont rac t  each 
blob toward a spher ica l  shape, while viscous fo rces  resist  t h i s  deformation. A t  
very low v i s c o s i t i e s  t h e  r e s i s t ance  t o  deformation i s  low, s o  t h e  time required 
f o r  contract ing t o  a spher ica l  shape i s  small  compared t o  t h a t  required f o r  cooling 
t o  a s o l i d i f i e d  s ta te ,  and t h e  shapes become shpe r i ca l  before they  become r i g i d .  
A t  very high v i s c o s i t i e s ,  however, t h e  r e s i s t ance  t o  deformation i s  high, so  t h e  
time required f o r  contract ion i n t o  a spher ica l  shape i s  long, and a blob w i l l  
s o l i d i f y  before it can become sphe r i ca l .  

Included wi th in  t h e  round form category a r e  buttons,  lenses ,  cores, and 

when it 

I n  contrast  t o  t h e  primary shapes produced i n  t h e  absence of s ign i f i can t  
aerodynamic pressures,  as described above, t h e  shapes produced when s i zab le  aero- 
dynamic pressures a c t  on a g l a s s  drop are qu i t e  unl ike any a u s t r a l i t e  primary shape. 
The photographs of f i g u r e  11 i l l u s t r a t e  s i x  such configurat ions i n  base view ( t o p  
row), s ide  view (cen te r  row), and f r o n t  view (bottom row). These configurations,  
of which hundreds have been produced, are t y p i c a l  of t h e  shapes i n t o  which g l a s s  
drops s o l i d i f y  when d i s t o r t e d  by aerodynamic f o r c e s .  A saucer- l ike concavity has 
been impressed i n t o  t h e  f r o n t  face  of each configurat ion by t h e  s m a l l  excess i n  
pressure a t  t h e  s tagnat ion point  (p,) over t h a t  a t  t h e  base ( p b ) .  Thus, as t h e  
f ron t  i s  pushed in ,  t h e  s o f t e r  por t ion  i n  t h e  center  of t h e  drop moves l a t e r a l l y  
t o  one side, producing a r e l a t i v e l y  f l a t ,  asymmetric protuberance. This f l a t t e n e d  
appendage, with i t s  extended surface area and th inne r  dimensions, s o l i d i f i e s  r a t h e r  
rapidly,  leaving t h e  base por t ion  of t h e  leeward s ide  of t h e  drop s t i l l  near ly  
spher ica l .  Aerodynamically d i s t o r t e d  forms of t h i s  type w e r e  found a t  a l l  v i scos-  
i t i e s  invest igated,  from 0 .2  t o  280 poises;  none were found when g la s s  w a s  e jec ted  
i n t o  t h e  vacuum chamber. These forms d e f i n i t e l y  do not occur among t h e  var ious 
f i g u r e s  of revolution, mostly spheres, t h a t  cons t i t u t e  t h e  a u s t r a l i t e  primary shapes. 
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Consequently, t h e  primary a u s t r a l i t e  spheres must have been formed under conditions 
where such mole.sting aerodynamic forces  were absent .  

Unlike t h e  t e k t i t e  forms found i n  Australia,  many of t h e  configurat ions found 
i n  Indochina are f l a t t e n e d  (Lacroix, 1932).  I n  our experiments wherein a m a s s  of 
highly viscous g l a s s  w a s  f o r c i b l y  disrupted by aerodynamic pressures,  a number of 
forms w e r e  observed which were r a the r  s imi la r  t o  some indochin i tes .  For example, 
f l a t t e n e d  d i s c s  and f l a t t e n e d  teardrops resembling c e r t a i n  indochini tes  were found 
i n  t h e  high-veloci ty  e j ec t ion  experiments. Consequently, while t h e  case i s  c l e a r  
f o r  t h e  a u s t r a l i t e s ,  it can not be concluded t h a t  t h e  indochini tes  a l s o  were neces- 
s a r i l y  formed i n  the  absence of s ign i f i can t  aerodynamic fo rces .  
concentrated d i s t r i b u t i o n  of t e k t i t e s  i n  ce r t a in  por t ions  of Indochina ( e . g . ,  at 
one loca t ion  i n  South Viet-Nam 51 t e k t i t e s  were found by Nininger (1961) wi th in  a 
period of 18 minutes),  one might e n t e r t a i n  the idea  t h a t  a la rge  mass of highly 
viscous g l a s s  w a s  t o r n  asunder by the  severe aerodynamic fo rces  assoc ia ted  with 
t h e  atmosphere en t ry  of l a rge  objec ts .  

I n  view of t h e  

It i s  per t inent  t o  determine from t h e  present experiments j u s t  how s m a l l  t h e  
aerodynamic fo rces  must have been, i n  the  case of t h e  a u s t r a l i t e s ,  t o  allow essen- 
t i a l l y  undis tor ted  spheres t o  form. Such determinations can be made from a knowl- 
edge of t h e  a i r  dens i ty  
of t h e  g l a s s  drops recovered undis tor ted  by aerodynamic fo rces .  I n  present ing da ta  
from experiments of t h i s  type, it i s  customary t o  employ t h e  Weber number, 
We E poOVw2R/~, where R i s  t h e  drop radius  and T t h e  surface tens ion .  This 
number can be converted d i r e c t l y  t o  t h e  r a t i o  of aerodynamic t o  sur face  tens ion  
pressure,  (ps  - pb)/(27/R), e i t h e r  f o r  t h e  conditions of our experiments where t h e  
Reynolds and Mach numbers were such t h a t  
of hypervelocity f l i g h t  where 
d i f f e r e n t i a l  pressure ( p  - pb)/(ps  - Pb) around a sphere i s  e s s e n t i a l l y  t h e  same 
i n  hypervelocity f l i g h t  as it i s  i n  subsonic f l - i g h t ) .  
f o r  g l a s s  of v i s c o s i t y  2 t o  3 poise,  corresponding t o  t h e  v i s c o s i t y  which produced 
configurat ions s i m i l a r  t o  a u s t r a l i t e  primary shapes, are:  

p,, t h e  v e l o c i t y  of e j ec t ion  V,, and t h e  smallest s i z e  

ps - pb = 0.9 pmVW2, or f o r  t h e  conditions 
ps - pb = p,Voo2 ( t h e  dimensionless d i s t r i b u t i o n  of 

Our experimental r e s u l t s  

Inc ip ien t  d i s rupt ion  of drop We = 2.6 

Srxall d i s t o r t i o n  f r o m  spher ica l  We = 1.1 

These values  are not g r e a t l y  d i f f e r e n t  from those of many previous inves t iga t ions  
where nonsol idifying l iqu ids ,  such as water and o i l ,  w e r e  employed. A s  may be 
deduced’from t h e  da ta  of Lane and Green (1956), t h e  c r i t i c a l  values  of 
t h e  d is rupt ion  of water drops under t r ans i en t  condi t ions range from 2.2 t o  4.9 
( i b i d . ,  p .  189), which a re  consis tent  w i t h  our value of 2.6. 
under very  s teady conditions,  such as w i t h  f r e e l y  f a l l i n g  drops, t h e  c r i t i c a l  
values  of t h e  Weber number for dis rupt ion  can be, and a r e  expected t o  be, severa l  
t i m e s  g r e a t e r .  For example, Margarvey and Taylor (19%) under such circumstances 
obtained t h e  value We = 6.0  f o r  t he  condition of inmediate d is rupt ion  of f r e e l y  
f a l l i n g  drops. The value of W e  f o r  10-percent d i s t o r t i o n  from spher ica l  shape 
(measured by t h e  r a t i o  of major t o  minor axes),  as determined from t h e  waterdrop 
experiments of Lane and Green ( i b i d . ,  pp. 184 and 177) i s  about 1 .3 ,  and from those 
of Margarvey and Taylor i s  about 0.5 .  These values compare w e l l  wi th  our value of 
1.1, which corresponds t o  about l5-percent d i s to r t ion  of g l a s s  drops.  

We f o r  

It may be noted t h a t  
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The experimental values  f o r  Wcber number a r e  f u l l y  concordant with t h e o r e t i c a l  
considerations.  
d i s rup t in ,  ex t e rna l  pressure d i f f e r e n t i a l  
fo rces  i s  comparable t o  o r  g r e a t e r  than t h e  constraining i n t e r n a l  pressure 
Apint = 27/R &Fext/Apint = We/4 i s  a 
measure o€ t h e  amount of d i s t o r t i o n .  It follows t h a t  l a r g e  d i s t o r t i o n s  from a 
spherical  shape would be expected f o r  We =: 4, o r  g rea t e r ,  i n  agreement with t h e  
experiic.ents; and t h a t  small d i s t o r t i o n s  would be expected when We i s  l e s s  t han  
about un i ty ,  a l s o  i n  agreement with t h e  experiments. 

The d i s t o r t i o n  from s p h e r i c a l  -- shape can be l a r g e  only i f  t h e  mean 
Apexi 2 (ps - pb)/2 of aerodynamic 

of surface- tension fo rces ;  t hus  t h e  r a t i o  

The foregoing experimental r e s u l t s  impose very  severe r e s t r i c t i o n s  on t h e  
atrnosplieric erivironrnent a t  t h e  s i t e  where t h e  Austral ian t e k t i t e s  were formed and 
f i r s t  heatLd. A multitude of primary a u s t r a l i t e  spheres no t  only have escaped 
disrupt ion,  but have remained spherical-; and it i s  c e r t a i n  that,  any a,tmosphere 
sucrounding t h e r  during f ornzt ion must have been s u f f i c i e n t l y  tenuous t h a t  t h e  
r e s u l t i n g  acrodyriarnic pressure d i f f e r e n t i a l  Apaero = ps - pb w a s  smaller than 
t h e  c r i t i c a l  amount f o r  d i s rup t ion .  A simple ca l cu la t ion  from t h e  experimental 

f o r  t h e  Australian t e k t i t e s .  The l a r t e u  a u s t r a l i t e s  correspond t o  primary masses 
of several  hundred grams, and t c  values o€ 
subs t i t u t ing  i n t o  t h e  expression above t h e  vaiue 
t e k t i t e  composition (Idorey, 1954, ch. V I I ,  t a b l e  VII.3) t h e r e  r e s u l t s  
dpaero < .OO dyneslcm2, o r  ,X10-" aim. 
t i o n  of spheres, a somewhat more severe l i m i t  i s  obtained, namely, Apaero < 1.0~/R. 
A s  noted e a r l i e r ,  t h e  primary shapes of t h e  a u s t r a l i t e  buttons were e i t h e r  spheres, 
o r  nea r ly  spheres.  
l e a s t  one example i s  known of a p e r f e c t l y  developed a u s t r a l i t e  with R = 3.05 ern 

small amour,t of d i s t o r t i o n  cbseived i n  t h e  present  experiments, s ince  t h i s  d i s t o r -  
t i o n  produced sphero-lent icular  shapes which would be aerodynamically s t a b l e  with 
t h e  f l a t t e n e d  s ide  t o  t h e  r e a r :  
knowledge, e x h i b i t s  a f l a t t e n e d  base of t h i s  cha rac t e r .  Consequently, an upper 
l i m i t  t o  the d i s t o r t i n g  aerodynamic pressure during primary formation i s  obtained 
from ApaeT.o < l.O?/R, R = 3 em, and T = 360; namely, ApaerO < ;iX10-4 a t m .  
This l imit ing value w i l l  be used i n  subsequent discussions as a c r i t e r i o n  f o r  
judging whether or not var ious hypotheses of t e k t i t e  o r i g i n  a r e  compatible with 
t h i s  aerodynamic requirement. Since ApaerO = pmVm i n  high-veloci ty  f l i g h t ,  t h i s  
l i m i t a t i o n  can be expressed i n  seve ra l  d i f f e r e n t ,  though equivalent,  ways: 

I 

I value OP We = 2.6 ,  corresponding t o  i n c i p i e n t  disrupt ion,  y i e l d s  ApaerO < 2.j7/R 

R = 3 ern (Baker, 1952b, 1955). By 
T = 350 dynes/cm f o r  g l a s s  of 

From t h e  value We = 1.1 f o r  s m a l l  d i s t o r -  

The l a r g e r  ones had r a d i i  of 2 t o  2 . 5  ern (Baker, 1955), and a t  

I ( ~ a l c a t t ,  1298; ~ a i i c r ,  1-321). These primzry shapes could not have had even t h c  

no we l l  preserved a u s t r a l i t e ,  t o  t h e  au tho r s '  

S t a t i c  pressure d i f f e r e n t i a l :  Apaero < 2XlO-" a t m  (la) 

AcceLLiation: a < 0.015 e a r t h  g (IC) 

(1b)  2 Djmamic pressure:  pwVm < 200 dynes/cn? 
I 

where i s  t h e  gas dens i ty  of t h e  atmosphere surrounding t h e  primary t e k t i t e s  
during t h e i r  i n i t i a l  f l i g h t ,  V ,  i s  t h e  v e l o c i t y  of motion r e l a t i v e  t o  t h a t  gas, 
a i s  t h e  maximum acce le ra t ion  determined from ApaerO and t h e  t e k t i t e  mass. The 
s e v e r i t y  of requirement ( l a )  may be r e a l i z e d  by noting, according t o  experiments 
we have conducted, t h a t  aerodynamic pressure d i f f e r e n t i a l s  of g r e a t e r  amount can 

p, 



I 

be produced by a breath of a i r  blown from a man's mouth on a sphere some 20 cm 
d i s t a n t . 2  
from, t h a t  t h e  primary a u s t r a l i t e  spheres, which necessar i ly  were somewhere given 
tremendous v e l o c i t i e s  i n  order t o  have overspread Austral ia ,  were f i r s t  formed 
and s o l i d i f i e d  i n  a near vacuum. 

We should not be surprised, therefore ,  a t  t h e  conclusion deduced t h e r e -  

I n  addi t ion  t o  the  evidence from experiments on g l a s s  drops, some independent 
evidence from experiments on t h e  ab la t ion  q u a l i t i e s  of t e k t i t e  g l a s s  provide a 
v i s u a l  i l l u s t r a t i o n  subs tan t ia t ing  the  conclusion of t e k t i t e  formation i n  a near 
vacuum. 
dissolved i n  g l a s s e s  during formation, and the presence of these dissolved v o l a t i l e s  
can be f o r c e f u l l y  i l l u s t r a t e d  by heat ing a glass  t o  some high temperature, and then 
suddenly reducing the  pressure:  
dissolved a t  a formation pressure of one atmosphere, rap id ly  a r e  l ibera ted ,  i n  
accordance with Henry's l a w  of gas s o l u b i l i t y  proport ional  t o  pressure.  
can a l s o  f r o t h  extensively by e b u l l i t i o n  if the pressure i s  reduced below t h a t  f o r  
bo i l i ng .  
is inverted,  but t h e  r e s u l t s  a r e  t h e  same. We have conducted numerous experiments 
on t e r r e s t r i a l  g lasses ,  which were made a t  a pressure of one atmosphere or higher, 
by suddenly exposing the  g lasses  t o  a low-pressure hypervelocity a i r  stream. 
region of lowest pressure under such conditions i s  at t h e  base, where 
pb = 0.001 a t m .  
base pressure behind t h e  accumulated melt .  I n  such a region, any dissolved gas 
can r e a d i l y  be l i b e r a t e d  i f  present,  o r  any bubble cavi ty  can expand if  i t s  
i n t e r n a l  pressure exceeds the  base pressure,  or any e b u l l i t i o n  can occur if  t he  
base pressure i s  lower than t h e  boi l ing  pressure corresponding t o  the  l o c a l  tem- 
perature  of t he  f lange  mel t .  The r e s u l t  i n  each of these  circumstances i s  a 
f r o t h y  flange, as i l l u s t r a t e d  by the  post-ablation models i n  the  top  row of f i g -  
ure  12 .  They represent,  from l e f t  t o  r igh t ,  the  remains of o r i g i n a l l y  smooth 
models of impactite from t h e  Henbury c r a t e r  i n  Aus t ra l ia  (obtained from the  Amer- 
ican Meteorite Laboratory), of b o r o s i l i c a t e  glass rod, of soda-lime marble, and 
of a synthe t ic  t e k t i t e  g l a s s  model. The frothing of t h e  b o r o s i l i c a t e  and soda- 
lime g lasses  may be due t o  e i t h e r  l i b e r a t e d  gases (from t h e  furnace gases dissolved 
during manufacture a t  1 a t m  pressure)  or t o  boi l ing s ince n e i t h e r  of these  g lasses  
contained any v i s i b l e  i n t e r n a l  bubbles before ab la t ion .  The f ro th ing  of t he  
Henbury impact i te  and t h a t  of t h e  synthe t ic  t e k t i t e  (made a t  2.800~ C, a t  1 atmos- 
phere pressure)  i s  p a r t l y  a t t r i b u t e d  t o  the  expansion of i n t e r n a l  bubbles known 
t o  e x i s t  p r i o r  t o  t h e i r  low-pressure ab la t ion  (ps  
s t r i k i n g  cont ras t  t o  t he  f r o t h y  f langes produced on these  known t e r r e s t r i a l  g lasses  
a r e  t h e  smoothly glazed, highly polished flanges produced on n a t u r a l  t e k t i t e  
g l a s s e s  ab la ted  under similar low-pressure conditions (bottom row of f i g .  1 2 ) .  The 
r i z a l i t e  specimen i s  from Pugad Babuy, Luzon, and t h e  th ree  a u s t r a l i t e  specimens 
a r e  from an a r e a  j u s t  south of t h e  Mann Ranges i n  t h e  northwest corner of South 
A u s t r a l i a .  Occasional bubble imperfections are observed on the  f langes  of n a t u r a l  
t e k t i t e s .  These imperfections sometimes form p i t s  ind ica t ive  of a bubble pressure 
lower than the  e x t e r i o r  ( e . g . ,  t h e  p i t  bare1.y d iscern ib le  on the  lower port ion of 
t h e  f lange of t h e  r i z a l i t e  i n  f i g .  12), and sometimes bulges ind ica t ive  of a 
higher pressure.  I n  l i g h t  of t he  r e s u l t  of Suess (1971) t h a t  t he  i n t e r n a l  bubble 

hbeclding presslure orifices a t  two opposite poles,  connecting t h e  o r i f i c e s  t o  a 
U-tube manometer, and noting the  pressure d i f f e r e n t i a l  ps - pb created by blowing 
on the  sphere.  

It i s  wel l  known ( e . g . ,  Morey, 1934, pp. 87-91) t h a t  gases inevi tab ly  a r e  

t h e  g l a s s  f ro ths ,  because t h e  gases, which were 

Glasses 

I n  our a b l a t i o n  experiments t h e  order of heating and pressure reduction 

The 

Formation of a circwnferent ia l  f lange c rea t e s  a region of low 

thp order of 0 .1  a t m ) .  I n  

2These experiments were conducted by constructing a sphere of a u s t r a l i t e  s i z e  



pressure within n a t u r a l  t e k t i t e s  i s  less  than a t m ,  it i s  believcd t h a t  t hese  
f lange bubble p i t s  o r  bulges a re  ind ica t ive  of t h e  amount of vaporizat ion t h a t  h a s  
taken place within t h e  bubble as it t r ave r sed  t h e  d is tance  from where it f i r s t  
appeared i n  t h e  l i q u i d  layer ,  t o  where it f i n a l l y  r e s t ed  i n  t h e  f lange m e l t .  
Inasmuch as t h e  synthe t ic  t e k t i t e  g l a s s  which f r o t h s  r e a d i l y  ( see  upper r i g h t  model 
i n  f i g .  12) has t h e  same composition, and hence same bo i l ing  temperature as t h e  
na tura l  +,ekti te g l a s ses  t h a t  do not  f r o t h ,  it i s  deduced t h a t  t h e  observed f ro th ing  
on the  synthet ic  t e k t i t e  i s  ind ica t ive  mainly of t h e  l i b e r a t i o n  of t h e  dissolved 
furnace gases which surrounded t h e  terrestr ia l  g l a s s  during i t s  manufacture a t  
one atmosphere pressure .  
(1) t h e  content of dissolved gases  i n  t e k t i t e s  i s  very much lower than i n  t e r r e s -  
t r i a l  glasses ,  and t h a t  ( 2 )  t h e  gas pressure surrounding t h e  t e k t i t e s  during t h e i r  
formation a l s o  w a s  very  much lower than  atmospheric pressure .  The f i rs t  of t hese  
deductions from ab la t ion  experiments i s  cons is ten t  with previous measurement of 
t h e  quant i ty  of gases re leased by heat ing t e k t i t e s  i n  vacuo (Beck, 1910, Lacroix, 
1932, Suess, 1951, Friedman, 1958): 
gram of t e k t i t e  g l a s s  i s  one t o  t h r e e  orders  of  magnitude l e s s  than t h a t  expel led 
from typ ica l  t e r res t r ia l  rocks.  The second of t hese  deductions i s  concordant wi th  
t h e  experiments of Freidman, Thorpe, and Senf t l e  ( l960) ,  who have presented ev i -  
dence f rom t h e  magnetic proper t ies ,  and from t h e  unusually low f e r r i c / f e r r o u s  
r a t i o  of t e k t i t e s ,  t h a t  they  were formed by fus ion  at high temperature i n  an 
atmosphere whose p a r t i a l  pressure of oxygen w a s  very much lower than  t h a t  a t  t h e  
e a r t h ' s  surface.  

The absence of f ro th ing  on t h e  n a t u r a l  t e k t i t e  shows t h a t  

t h e  quan t i ty  of v o l a t i l e s  so  expel led per  

It i s  not t o  be in fe r r ed  from t h e  absence of f ro th ing  on t h e  n a t u r a l  t e k t i t e  
models i l l u s t r a t e d  i n  f i g u r e  12 t h a t  n a t u r a l  t e k t i t e  g l a s s  never exh ib i t s  f ro th ing .  
Since f ro th ing  can occur from t h e  process of bo i l ing ,  as  w e l l  as from t h e  r e l ease  
of dissolved gases, a n a t u r a l  t e k t i t e ,  o r  any other  vacuum-made g l a s s ,  w i l l  f r o t h  
extensively i f  f i r s t  heated t o  a high temperature and then subjected t o  a pressure 
much lower than t h e  corresponding bo i l ing  pressure .  

I n  summary of t h e  r e s u l t s  of t h e  present  sec t ion ,  it i s  concluded from 
experiments on t h e  shape ca tegor ies  i n t o  which cooling g l a s s  masses so l id i fy ,  from 
observations of t h e  cont ras t  i n  low-pressure ab la t ion  c h a r a c t e r i s t i c s  between 
t e r r e s t r i a l  and t e k t i t e  g lasses ,  and, most important of a l l ,  from t h e  remarkably 
small aerodynamic pressures  which d i s rup t  f l u i d  g l a s s  drops, t h a t  t he  primary 
a u s t r a l i t e s  were formed and f i rs t  fused i n  t h e  environment of a near vacuum. The 
quant i ta t ive  values  f o r  t h e  upper l i m i t  on t h e  surrounding atmospheric dens i ty  
depend upon t h e  ex i t i ng  v e l o c i t y  of f l i g h t ,  and t h i s ,  i n  tu rn ,  depends upon the  
c e l e s t i a l  object  from which it i s  hypothesized t h a t  t h e  a u s t r a l i t e s  might have 
come. Further discussion of t h i s  i s  given i n  a la te r  sec t ion  concerned with 
severa l  of t h e  ind iv idua l  hypotheses of t e k t i t e  o r i g i n .  

COJWARISON OF CmCULATED AND EXPERIMENTAL CHARACTERISTICS 
OF AERODYNAMIC A B U T I O N  

I n  analyzing t h e  t r a n s i e n t  ab la t ion  process wherein aerodynamic heat ing 
converts a primary t e k t i t e  shape i n t o  a secondary one, some r a t h e r  spec ia l ized  
ana ly t i ca l  methods a re  involved, a number of de t a i l ed  equations a r e  encountered, 
and a high-speed d i g i t a l  computing machine i s  employed. Only q u a l i t a t i v e  f ea tu res  
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of t h e  computation methods a r e  described i n  the  present  sec t ion .  An abridged 
discussion of t h e  p r i n c i p a l  equations solved i s  presented i n  an appendix t o  t h i s  
paper. 

t he  a b l a t i o n  c h a r a c t e r i s t i c s  of g l a s s  ( e .g . ,  Sutton, 1958, Bethe and M .  Adams, 1959, 
Scala, 1959, Georgiev, 1959, Powers, Georgiev, and M.  Adams, 1960, Hidalgo, 1960, 
E.  Adams, 1961, Fledderman and Hurwicz, 1960). The var ious methods a r e  b a s i c a l l y  
t h e  same i n  t h e  sense t h a t  each follows t h e  time-honored path of solving the  th ree  
fundamental d i f f e r e n t i a l  equations expressing conservation of momentum, mass, and 
energy f o r  t h e  flowing l aye r  of viscous glass;  t h e y  a r e  d i f f e r e n t  i n  t h e  physical  
approximations made, t h e  mathematical techniques used, and i n  t h e  scope of physical  
phenomena considered. 
f e r e n t i a l  equations of conservation, and these important proper t ies ,  of course, must 
be obtained from laboratory measurements on each g l a s s  composition invest igated.  
Aerodynamic c h a r a c t e r i s t i c s  appear i n  the  computations mainly as a u x i l i a r y  equations 
prescr ibing t h e  pressure,  enthalpy, and heating r a t e  a t  t h e  s tagnat ion point .  The 
use of a d i g i t a l  computing machine enables the var ious d i f f e r e n t i a l  and a u x i l i a r y  
equations t o  be solved simultaneously and rapidly.  Two independent mathematical 
procedures have been machine programmed f o r  solving t h e  equations: 
u t i l i z e s  an i n t e g r a l  procedure of solving the energy equation (method I ) ,  whereas 
t h e  o ther  u t i l i z e s  a f i n i t e  d i f fe rence  procedure (method 11). 
been used i n  t h e  researches c i t e d  above; and both provide s a t i s f a c t o r y  computational 
r e s u l t s .  

A number of papers have been w r i t t e n  i n  recent years  on methods of ca lcu la t ing  

Various physical propert ies  of t h e  g l a s s  appear i n  t h e  d i f -  

one method 

Both methods have 

Probably t h e  most arduous t a sk ,  and ce r t a in ly  one of t h e  most important, i n  
computing the  cha rac t e r i s t i c s  of aerodynamic ablat ion,  i s  the  measurement at high 
temperatures of t he  physical  p roper t ies  of molten t e k t i t e  g l a s s .  These proper t ies  
can vary widely f o r  d i f f e ren t  compositions of t e k t i t e s ,  pr imari ly  because of t h e  
v a r i a t i o n  i n  s i l i c a  content .  h s t r a l i t e s ,  fo r  example, vary f r o m  about 65-percent 
t o  80-percent s i l i c a ,  and even i n  a given locat ion they vary almost as much (Baker, 
1943, 1959). 
vapor pressure,  a r e  a l s o  the  most important t o  t h e  a b l a t i o n  computations. It i s  
a f o r t u n a t e  circumstance, however, t h a t  t he  s i l i c a  content of a given a u s t r a l i t e  
can be determined with adequate accuracy from r e a d i l y  measurable quant i t ies ,  such 
as spec i f i c  g r a v i t y  and index of re f rac t ion ;  consequently, t h i s  information, 
together  with t h a t  from an adequate number of measurements of t he  physical proper- 
t i e s  of t e k t i t e  g lasses  with var ious s i l i c a  contents,  makes it possible  for r e a l -  
i s t i c  ca lcu la t ions  t o  be made of t h e  ablat ion c h a r a c t e r i s t i c s  of any given 
a u s t r a l i t e .  To achieve good accuracy i n  t h e  computations, measurements over a 
wide range of temperatures have been made of the  per t inent  physical  p roper t ies  f o r  
var ious compositions of a u s t r a l i t e  g l a s s .  Independent t e s t s  of t h e  computation 
program have been obtained by measuring cer ta in  a b l a t i o n  c h a r a c t e r i s t i c s  which a r e  
sens i t i ve  t o  each physical property:  thus,  calor imetr ic  d a t a  on thermal d i f f u s -  
i v i t y  have been t e s t e d  by measurement of t h e  s t r i a e  d i s t o r t i o n  and of t h e  r a t e  of 
change of rad ian t  energy emission during ablation; absorption da ta  on opaci ty  have 
been t e s t e d  by measurement of t he  s teady-state  value of rad ian t  energy emission 
,during ablat ion;  r o t a t i n g  cyl inder  da ta  on v i s c o s i t y  have been t e s t e d  by independent 
measurement of t h e  stagnation-point recession during ab la t ion ;  and vapor pressure 
da ta  have been t e s t e d  by measurement of t he  mass l o s s  during ab la t ion  experiments. 
I n  t h e  remainder of t h i s  sec t ion  we s h a l l  see how various o f ' t h e  computed r e s u l t s ,  
based on the  measured physical  p roper t ies  ( a  t y p i c a l  s e t  of which i s  given i n  
appendix A ) ,  agree with the  corresponding ab la t ion  measurements. 

The most var iab le  of t he  physical p roper t ies ,  t h e  v i s c o s i t y  and t h e  



A comparison of calculated and measured values of rad ian t  energy emission 
provides a te-, ,  both of t h e  da ta  on thermal d i f f u s i v i t y  ( K ) ,  and on opaci ty  (a). 
I n  the  f i r s t  few seconds of an a b l a t i o n  experiment, before melt flow occurs, t h e  
values of v i s c o s i t y  and vapor pressure a r e  unimportant, and the  time r a t e  a t  which 
t h e  w a l l  temperature Tw increases  depends pr imar i ly  on K and a .  I n  our experi-  
ments t h e  flux of radiated energy E r  w a s  measured; and t h i s  determined t h e  
br ightness  temperature Q through i t s  d e f i n i t i o n  E, z a q 4 ,  where a i s  S tefan ' s  
constant .  The computation methods ca l cu la t e  Tw and t h e  temporally varying emis- 
s i v i t y  E ,  so  t h a t  the  rad ia t ion  equation 
temperature t o  be computed. I n  f igu re  13 t h e  ca lcu la ted  values of br ightness  
temperature a r e  compared with measured values  on a synthe t ic  t e k t i t e  g l a s s  model 
(STG 1-H, 0.76si02, p = 2.405) and on an Austral ian t e k t i t e  model (A  231, p = 2.429; 
o r i g i n a l l y  a 10 gm elongate core from Nullarbor P l a i n ) .  
both synthet ic  and n a t u r a l  t e k t i t e  g lass ,  were a l s o  inves t iga ted  and found t o  y i e l d  
values f o r  T b ( t )  intermediate between t h e  two s e t s  of da ta  shown here .  The calcu-  
l a t i o n s  correspond t o  the  physical p roper t ies  of t h e  synthe t ic  t e k t i t e  g lass ;  and 
t h e i r  good agreement with the  experiments i s  evident .  
steady s t a t e  i s  a t t a i n e d  and 
Tb/Tb(cO) versus time -- a form i n  which K i s  important but a i s  not  - -  t h e  
calculat ions and experiments would c l o s e l y  agree; t h i s  shows t h a t  t h e  thermal 
d i f f u s i v i t y  used i n  t h e  computational program i s  i n  accord with experiment. 
f a c t  t h a t  the computed Tb(co) values a l s o  agree with measured values shows t h a t  
t he  opacity and i n t e r n a l  r a d i a t i o n  ca lcu la t ions  a l s o  a r e  i n  accord with experiment. 

acTw4 = E, = sTb4 enables a br ightness  

Several  other  models, of 

Af te r  about 7 o r  8 seconds, 
Tb = Tb(m). I f  these  da ta  a r e  p l o t t e d  i n  t h e  form 

The 

A comparison of  calculated and measured r a t e s  of recession f o r  aerodynamic 
conditions wherein ab la t ion  occurs dominantly by melting, and i n s i g n i f i c a n t l y  by 
vaporization, provides a t e s t  of t h e  da ta  on v i s c o s i t y .  I n  f igu re  14 ca lcu la ted  
curves f o r  methods I and I1 a r e  compared with experimental values f o r  models con- 
s t r u c t e d  from two a u s t r a l i t e s  (AA10 from Northwest corner of South Aus t ra l ia ;  
Al.5'2, 10 gm core from Nullarbor P la in ) ,  one r i z a l i t e  ( ~ 2 5 8 ,  18 gm specimen from 
Pugad Babuy, Luzon), and a synthe t ic  t e k t i t e  g l a s s  - a l l  having about t h e  same 
s i l i c a  content of about 71 percent as judged from the  spec i f i c  g r a v i t i e s  l i s t e d  i n  
f i g u r e  14 .  
at t h e  same r a t e  as n a t u r a l  t e k t i t e  g l a s s  of t h e  same chemical composition, t h a t  
t he re  i s  l i t t l e  difference between t h e  two computation methods, and t h a t  t h e  calcu- 
l a t e d  r a t e s  of ab la t ion  a re  i n  good agreement with t h e  experiments. The calculated 
amount of ab la t ion  i s  a l i t t l e  g rea t e r  than measured a t  t h e  beginning of t h e  runs 
and a l i t t l e  smaller at the  end, p a r t l y  because of t h e  use of a constant average 
value f o r  i n  these  p a r t i c u l a r  computations, r a t h e r  than a value t h a t  increases  
a t  f i rs t  and then decreases.  Agreement of t h i s  na ture  has a l s o  been found f o r  a 
wide v a r i e t y  of g l a s s  compositions, as may be seen from f i g u r e  17. Here r e s u l t s  
a r e  presented f o r  a lead g lass ,  f o r  t h r e e  d i f f e r e n t  synthe t ic  t e k t i t e  g lasses  
(67-, 75-, and 80-percent s i l i c a ) ,  and f o r  pure fused s i l i c a .  
these  glasses  increases  i n  the  order mentioned, and the  a b l a t i o n  r a t e  decreases i n  
consonance with the  increase i n  v i s c o s i t y .  The agreement between ca lcu la t ion  
(method I)  and experiment i s  qu i t e  s a t i s f a c t o r y  f o r  t h e  th ree  synthe t ic  t e k t i t e  
g l a s ses .  These p a r t i c u l a r  g lasses  were made by the  Corning Glass Co. of New York 
t o  composition spec i f ica t ions  designed t o  represent  t h e  composition range covered 
by the  Australian t e k t i t e s .  Chemical analyses of t h e  synthet ic  t e k t i t e  g lasses ,  
made a t  the U .  S .  Geological Survey and sent  t o  us by D r s .  E .  C .  T .  Chao and 
F. Senft le ,  agreed c lose ly  with previous analyses of a u s t r a l i t e s  of t h e  same 
s i l i c a  content. The s ign i f i can t  difference i n  t h e  r a t e  of ab la t ion  between t h e  

It i s  c l ea r  from t h i s  f i gu re  t h a t  t he  synthe t ic  t e k t i t e  g l a s s  ab la t e s  

The v i s c o s i t y  of 
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d i f f e r e n t  t e k t i t e  g lasses ,  amounting t o  a f ac to r  of about 2:l at  
demonstrates that  one s e t  of physical  propert ies  cannot provide an accurate  bas i s  
f o r  computing t h e  amount of ab la t ion  of a l l  t e k t i t e s .  Consequently, i n  determining 
a u s t r a l i t e  e n t r y  t r a j e c t o r i e s ,  and hence t h e i r  l oca t ion  of or ig in ,  each t e k t i t e  
which has been ab la ted  a given amount and which w a s  o r i g i n a l l y  a primary sphere of 
a given radius ,  i s  analyzed ind iv idua l ly  i n  accordance with i t s  p a r t i c u l a r  s i l i c a  
content and i t s  p a r t i c u l a r  physical  p roper t ies .  

t = 10 sec, 

A good agreement between ca lcu la ted  and measured r a t e s  of ab la t ion  has a l s o  
been found f o r  t es t  condi t ions other  than t h o s e  of f i g u r e s  14 and 15. 
rates have been measured a t  s tagnat ion pressures from 0.05 t o  1 . 3  atmospheres, a t  
en tha lp ies  from 700 t o  6000 cal/gm ( V  
exhibi ted s imi l a r  agreement with computations. 
pressure range inves t iga ted  covers t h a t  encountered by objec ts  of a u s t r a l i t e  s i z e  
f o r  e n t r i e s  up t o  about 14 km/sec, and t h a t  aerodynamic heat ing experiments a t  
V = 6 . 5  km/sec corresponds t o  peak heating conditions during an en t ry  with i n i t i a l  
v e l o c i t y  V i  of about 8 km/sec. 

Ablation 

from about 2.5 t o  6.5  km/sec), and have 
It may be noted here  t h a t  t h e  

Fur ther  comparison of t h e  computational and experimental r e s u l t s  has been 
obtained from measurements of t h e  displacement of g l a s s  s t r i a e  j u s t  beneath t h e  
ab la ted  f r o n t  f a c e .  Thin sec t ions  a l ready  have been presented i n  f i g u r e  6 from 
which measurements of t h e  displacement d, as  a func t ion  of depth y beneath t h e  
surface,  have been made f o r  var ious dis tances  x from t h e  s tagnat ion poin t .  The 
r e s u l t s  a r e  compared with ca lcu la t ions  i n  f igure  16. 
spond t o  var ious  pre-ablat ion d is tances  s of t h e  s t r iae  from t h e  s tagnat ion poin t ,  
t h e  l a t t e r  being determined with a i d  of t h e  s t r i a e  themselves as t h e  junct ion point  
on each s ide  of which t h e  s t r i a e  a r e  displaced i n  opposite d i r ec t ions .  It i s  t o  
be noted t h a t  some of t h e  t h i n  sec t ions  purposely have been photographed out of 
focus ( e .g . ,  r i g h t  por t ion  of f igu re  6 )  i n  order t o  make t h e  s t r iae  more r e a d i l y  
v i s i b l e .  d( y) , however, only focused photographs 
w e r e  employed t o  avoid d i s t o r t i o n .  For  t h e  t e s t  condi t ion of f i g u r e  16, and f o r  
t h i s  p a r t i c u l a r  model ( I C  202-2), t h e  value ca lcu la ted  f o r  t h e  c h a r a c t e r i s t i c  
thickness  6 of the  f l u i d  g l a s s  l aye r  i s  0.010 cm. 
represent ing t h e  computed striae displacement func t ion  a t  t h e  s tagnat ion point  

near t h e  s tagnat ion  point  ( e  . g . ,  s = 0.11 cm) . 
stagnat ion poin t  ( e .g . ,  s = 0.47 cm) correspond t o  somewhat g r e a t e r  values  of 6 .  
T h i s  t rend  i s  t o  be expected i n  view of t h e  decrease i n  heat ing ra te  with increase  
i n  d is tance  from t h e  s tagnat ion poin t .  

Various da ta  poin ts  cor re-  

1 
~ 

I n  conducting measurements of 

i 
The dot ted l i n e  i n  f i g u r e  16, 

I ( s  = 0 ) ,  i s  seen t o  agree f a i r l y  wel l  with the  measured displacements f o r  str iae 

~ 

The s t r i a e  f a r t h e r  away from t h e  

I 
A determination of t h e  vapor pressure has  been made by measuring i n  a furnace 

t h e  i n i t i a l  t i m e  r a t e  of mass loss of t e k t i t e  g l a s s  r e l a t i v e  t o  t h a t  of s i l i c a  
g l a s s .  These measurements w e r e  conducted in  an atmosphere of argon a t  reduced 
pressure,  and a t  var ious temperatures from 2100’ t o  2500° K .  
pressure of s i l i c a  i s  known, knowledge of t h e  r e l a t i v e  mass loss  provides vapor 
pressure da ta  f o r  t e k t i t e  g l a s s .  The mass loss from a u s t r a l i t e  samples w a s  always 
g r e a t e r  than t h a t  of t h e  s i l i c a ,  by a f ac to r  of from about 2 t o  3 .5 ,  thereby i n d i -  
ca t ing  a correspondingly g rea t e r  vapor pressure.  
da t a  has been conducted by measuring t h e  mass of t e k t i t e  nodels before and a f t e r  
aerodynamic ab la t ion  i n  t h e  a rc  j e t .  Here again s i l i c a  models were used as a 
standard of comparison. The change ir, mass f o r  f‘ijii5 of a”uout 15 seconds *Gratia= 
w a s  t h e  order  of 0.001 gm f o r  a t y p i c a l  t e k t i t e  g lass ;  t h i s  s m a l l  mass l o s s  could 

Since t h e  vapor 

1 
An independent t e s t  of t hese  

~ 

1 



be measured and repeated on d i f f e r e n t  runs,  t o  wi th in  an accuracy of about 
+0.0002 gm. The furnace mass loss  da ta ,  and t h a t  ca lcu la ted  f o r  t h e  aerodynamic 
ab la t ion  experiments, were i n  reasonable agreement. A confirmation of t h e  calcu-  
l a t e d  mass l o s s  during ab la t ion  i s  important t o  t h e  deduction of e n t r y  t r a j e c t o r i e s ,  
s ince  it means t h a t  t h e  heat  absorbed and, more important, t h e  heat  blocked by t h e  
vaporizat ion process, are placed on a foundation subs tan t ia ted  by experiments. 

A s  a f i n a l  ind ica t ion  of t h e  accuracy with which t h e  aerodynamic ab la t ion  of 
g l a s ses  can b e  computed a t  present ,  and has been computed i n  t h e  pas t ,  reference 
i s  made t o  an atmosphere-entry f l i g h t  t e s t  reported by Hidalgo and Kadanoff (1959). 
This pa r t i cu la r  vehic le  w a s  protected by a heat  sh i e ld  of s i l i c a  g l a s s .  By sub- 
s t i t u t i n g  i n t o  our t r a n s i e n t  ab la t ion  program f o r  t e k t i t e s  t h e  p a r t i c u l a r  physical  
p rope r t i e s  of s i l i c a ,  t h e  p a r t i c u l a r  t r a j e c t o r y  condi t ions of t h i s  entry,  and t h e  
m / Q A  value f o r  t h i s  vehicle ,  t he  ca lcu la ted  amount of ab la t ion  a t  t h e  s tagnat ion 
point ,  compared t o  t h e  a c t u a l  amount, w a s  found t o  be 8 percent l ess  according t o  
method I and 11 percent more according t o  method 11. By way of comparison, t h e  
ca lcu la t ions  of Hidalgo and Kadanoff, which were based on quasi  s teady-s ta te  
ab la t ion  analysis ,  overestimated t h e  amount of ab la t ion  by 10 percent .  

It i s  per t inent  t o  note i n  t h i s  connection t h a t  t h e  i n i t i a l  atmosphere e n t r y  
ana lys i s  f o r  a u s t r a l i t e s  (Chapman 1960) w a s  based on e s s e n t i a l l y  t h e  same a n a l y t i c a l  
method as tha t  used by Hidalgo and Kadanoff. 
i c a l  p roper t ies  f o r  t e k t i t e  g lass ,  and on simplifying approximations f o r  t h e  
and m/QA va r i a t ions ;  and f o r  these  reasons t h e  accuracy of e n t r y  v e l o c i t i e s  
determined the re in  w a s  s t a t e d  t o  be wi th in  about 22 km/sec. 
calculat ions of E .  Adams and Huffaker (1962), who have employed a d i f f e r e n t  e s t i -  
mated s e t  of physical  p roper t ies ,  and a d i f f e r e n t  set  of simplifying approximations 
f o r  t h e  va r i a t ions ,  a r e  s imi l a r ly  l imi ted  t o  t h i s  order  of accuracy. 
With more complete da ta  on physical  p roper t ies  of Austral ian t e k t i t e  g l a s s  now 
ava i lab le ,  however, and with t h e  experimental v e r i f i c a t i o n  of t h e  ab la t ion  char- 
a c t e r i s t i c s  of t e k t i t e  g l a s s  now establ ished,  t h e  en t ry  v e l o c i t i e s  of t h e  Aus t ra l ian  
t e k t i t e s  have been recomputed with improved accuracy. While t h e  ne t  improvement 
over t h e  o r ig ina l  ca lcu la t ions  i s  s u b s t a n t i a l  (bel ieved t o  amount t o  a f a c t o r  of 
about two i n  accuracy),  it i s  not i n  f u l l  proportion t o  t h e  increase  i n  e f f o r t  
expended: t h e  present  ca lcu la t ions  are based on two years  e f f o r t  by severa l  i n d i -  
viduals ,  r a the r  than severa l  months e f f o r t  by one; t h e  present  system of equations 
t o  which solut ions are obtained f i l l  pages, r a t h e r  than  a f e w  l i nes ;  and t h e  f i n a l  
product, the numerical values  f o r  en t ry  ve loc i ty ,  i s  obtained with an IEN 7090 
high-speed e l ec t ron ic  d i g i t a l  computer, r a t h e r  than wi th  a s l i d e  r u l e .  The p r in -  
c i p a l  accomplishment of these  e f f o r t s  i s  t h a t  t h e  a n a l y t i c a l  methods from which 
determinations are made of t h e  austral i te  en t ry  t r a j e c t o r i e s  and, hence, of t h e  
loca t ion  of austral i te  o r i g i n  are now placed on a firm experimental foundation; 
and s c i e n t i s t s  from d i sc ip l ines  o ther  than  atmosphere-entry aerodynamics now are 
provided with a c l e a r e r  view of t h e  substance behind t h e  aerodynamic evidence 
per ta in ing  t o  t e k t i t e  o r ig in .  

It w a s  a l s o  based on estimated phys- 
RF 

The recent  ab la t ion  

FQ and m / Q A  

DETERMINATION OF mTRY TMJECTORIES 

I n  an e a r l i e r  paper (Chapman 1960) it w a s  shown t h a t  t h e  amount of ab la t ion  
ys and t he  d i s t o r t i o n  of s t r i a e  d(y)  each lead  t o  an independent condition on 
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t h e  i n i t i a l  v e l o c i t y  V i  and angle y i  of an e n t r y  t r a j e c t o r y .  A point of 
compat ibi l i ty  e x i s t s  between the  two conditions, as detzrmined by t h e  i n t e r s e c t i o n  
of t h e i r  respect ive curves i n  
t r a j e c t o r y .  
a b l a t i o n  experiments with t e k t i t e  g l a s s ,  and have found t h a t  an addi t iona l  inde- 
pendent condi t ion on 
ring-wave flow r idges .  This' f inding i s  espec ia l ly  s ign i f i can t  because thousands 
of t e k t i t e s  remain s u f f i c i e n t l y  wel l  preserved t o  s t i l l  exhib i t  adequate d a t a  on 
ring-wave spacing, whereas only one t e k t i t e  ( N o .  279 of Baker Collection, f igured  
i n  p l a t e  
s t r i a e  d i s t o r t i o n s .  Thus, t he  p o s s i b i l i t i e s  of determining en t ry  t r a j e c t o r i e s  of 
t h e  a u s t r a l i t e s ,  and a few of t he  Javani tes ,  a r e  g r e a t l y  enlarged by t h e  new r e s u l t s .  

Vi(7-i) coordinates, and t h i s  point  f i x e s  t h e  e n t r y  
I n  t h e  two years following t h i s  paper, we have conducted numerous 

Vi(7-i) i s  provided by the presence of,  and spacing between, 

X of h i s  monograph) thus f a r  has been shown t o  exhib i t  adequate da ta  on 

The r e l a t i v e  spacing between ring-wave flow r idges depends pr imari ly  on the  
stagnation-point pressure ps, which, i n  turn, depends on t h e  e n t r y  t r a j e c t o r y .  
A t  s u f f i c i e n t l y  low pressures,  t e k t i t e  g lass  ab la t e s  without producing any r ing  
waves: photographs of four  models i l l u s t r a t i n g  t h i s  behavior a l ready have been 
presented i n  f i g u r e  12. The three  a u s t r a l i t e s  i n  t h i s  f i gu re  f o r  example, show 
no r ing  waves and were ab la ted  a t  ps = 0.08 a t m .  A s  ps i s  increased, r i ng  
waves appear f i rs t  with a r a the r  wide spacing, and then, upon f u r t h e r  increase i n  
pressure,  with a progressively c loser  spacing. 
f i gu re  17 by t h e  four  r e l a t i v e l y  small models i n  t h e  t o p  row, ordered from l e f t  t o  
r i g h t  i n  increasing pressure;  by the  four  la rger  buttons i n  t h e  middle row s i m i l a r l y  
ordered; and by t h e  t h r e e  models i n  t h e  bottom row. Ring waves a r e  e n t i r e l y  absent 
on t h e  models with 
ps = 0.085 and 0.11 a t m  i n  the  bottom row. 
a t  the  r i g h t  of t h e  bottom row were ablated a t  t h e  same enthalpy, namely, 
hs = ll5O cal/gm, and reveal  t he  same marked dependence of ring-wave spacing on 

This t r e n d  i s  i l l u s t r a t e d  i n  

ps = 0.21 atrn i n  the  top row, 0.14 atrn i n  t h e  center  row, and 
It i s  t o  be noted t h a t  t h e  t w o  models 

I pressure as do t h e  var ious other  models t h a t  happen t o  have been ab la ted  a t  d i f -  
I f e ren t  en tha lp ies .  Systematic v a r i a t i o n s  i n  both enthalpy hs and pressure ps 

revealed hs t o  be a minor and ps t o  be the major var iab le  upon which t h e  wave 
diameter 4J depends. Consequently, t he  data on diameter of t h e  f irst  r ing  wave 
Dwi have been p l o t t e d  i n  f igu re  18 as a function of ps without discr iminat ion 
as t o  ind iv idua l  v a r i a t i o n s  i n  hs.  These d a t a  represent t h e  r e s u l t s  of approxi- 
rrmtely 70 experiments wherein t h e  enthalpy w a s  progressively var ied  from values 
wel l  above t o  values s u b s t a n t i a l l y  below tha t  a t  which a b l a t i o n  terminates .  The 
models employed were of t y p i c a l  a u s t r a l i t e  s ize  ( D  It i s  noted 
t h a t  Dwi  i s  normalized with respect  t o  the model diameter D, i n  order t o  f a c i l -  
i t a t e  t h e  i d e n t i f i c a t i o n  of models without r ing waves, namely, by t h e  simple con- 

p l o t t e d  with upward d i rec ted  arrows a t  ps < 0.075 atrn no r ing  
waves were found; f o r  0.075 < ps < 0.25 atrn r ing  waves were sometimes observed, 
and sometimes not,  depending on hs and D; and f o r  ps > 0.25 a t m ,  r i n g  waves 
always were observed on models of t y p i c a l  aus t ra l i te -but ton  s i z e .  It i s  c l e a r  
t h a t  a knowledge of ring-wave spacing, as represented by t h e  f i r s t  wave diameter 

Just p r i o r  tc! t h e  terpLnz-kj.nn of ahla.t.ion. 

from 1 t o  3 em). 

~ 

I d i t i o n  Dwi/D > 1. Such models a r e  represented i n  f i g u r e  18 by cross  points  

~ 

k l / D  = 1. For 

1 D w ~ ,  g ives  information on the  f i n a l  value of s tagnat ion pressure psf ex i s t ing  

I The computed v a r i a t i o n  of severa l  physical  q u a n t i t i e s  of i n t e r e s t  during a 
t y p i c a l  a u s t r a l i t e  e n t r y  i s  i l l u s t r a t e d  i i n L  f i gu re  19. These curves correspond t o  
the  average of r e s u l t s  calculated by methods I and I1 f o r  a primary sphere of 
RB = 1 cm enter ing a t  

I 

V i  = 11.2 km/sec (ear th  escape v e l o c i t y ) ,  a t  y i  = 20°, 



and possessing t h e  physical  p roper t ies  l i s t e d  i n  t h e  appendix f o r  t h e  average Port  
Campbell a u s t r a l i t e  containing about 76-percent s i l i c a  ( p  = 2.40 gm/cm3). As t i m e  
progresses during t h e  entry,  t h e  surface temperature Tw a t  t h e  s tagnat ion  poin t  
increases ,  and ab la t ion  begins when The surface temper- 
a tu re  continues t o  increase t o  a maximum of 2720' K, and then f a l l s  when t h e  veloc-  
i t y  V drcps below values which can s u s t a i n  t h i s  temperature.  Ablation terminates  
when TW = 2000° K, beyond which point  t h e  t o t a l  amount of ab la t ion  ys and t h e  
por t ion  thereof t h a t  has vaporized ysv both remain constant .  The f i n a l  amount 
of ab la t ion  i s  designated as ys i n  subsequent f igu res ,  and t h e  s tagnat ion-point  
pressure which ex i s t ed  j u s t  p r i o r  t o  t h e  terminat ion of ab la t ion ,  as computed from 
t h e  a i r  densi ty  and f l i g h t  v e l o c i t y  i s  designated as It i s  t o  be noted from 
f i g u r e  19 t h a t  t h e  ab la t ion  proceeds mainly by melting, r a t h e r  than by vapor iza t ion .  
A t  t h e  s tagnat ion point t h e  f r a c t i o n a l  r a t i o  of m a s s  vaporized t o  t o t a l  m a s s  
removed, ysv/ys 
away from the  s tagnat ion point ,  t h e  temperatures would be lower than a t  t h e  s t ag -  

f r a c t i o n  vaporized f o r  t he  e n t i r e  t e k t i t e  would be considerably l e s s  than t h e  
f r a c t i o n  computed f o r  t h e  s tagnat ion point.  

Tw = 2200' K i s  reached. 
, 

psf .  

i s  seen t o  be about 0.25. Over t h e  c i rcumferent ia l  a reas  s i t u a t e d  

I na t ion  point,  and t h e  vaporized f r a c t i o n  would b e  smaller .  Thus t h e  average 

It i s  per t inent  t o  i l l u s t r a t e  t h e  manner i n  which an en t ry  t r a j e c t o r y  can be 
es tab l i shed  f r o m  knowledge of t h e  amount of ab la t ion  ys, and of t he  f i n a l  ab la t ion  
pressure psf .  The r e s u l t s  of some example ca lcu la t ions  are presented i n  f i g u r e  20 
f o r  a t y p i c a l  Port Campbell a u s t r a l i t e ;  namely, RB = 1 ern and p = 2.40 gm/cm3. 
These r e s u l t s  a l s o  are based upon t h e  average of ca lcu la t ions  from methods I and 11. 
Each curve i n  t h e  l e f t  por t ion  of t h i s  f i g u r e  represents  a constant value f o r  
and t h e  domain f o r  negl ig ib le  ab la t ion  i s  conveniently i l l u s t r a t e d  on such a p l o t .  
It m y  be noted here t h a t  t h e  5 km/sec upper boundary on v e l o c i t y  f o r  neg l ig ib l e  
ab la t ion  agrees f a i r l y  wel l  with t h e  4- t o  6-km/sec boundary previously ca lcu la ted  
(Chapman, 1960) by a much simpler method. I n  t h e  r i g h t  por t ion  of f i g u r e  20, each 
curve represents  a constant value of psf, and t h e  domain f o r  no r ing  waves 
(psf < 0 .0 ;5  atrn) i s  conveniently i l l u s t r a t e d  i n  such a p l o t .  
V i  i s  increased, both the  ab la t ion  ys and t h e  pressure psf increase,  as would 
b e  expected. A s  t h e  en t ry  angle i s  increased, and t h e  descent becomes s teeper  
( s i n  y i  = 0 corresponds t o  hor izonta l  entry,  and s i n  yi = 1 t o  v e r t i c a l ) ,  t h e  pres-  
sure  increases ,  but t h e  amount of ab la t ion  decreases:  t h e  s teeper  e n t r i e s  involve 
a sho r t e r  duration of heating, which more than compensates f o r  t h e  accompanying 
increase  i n  pressure.  
would be negl igible ,  and such t r a j e c t o r i e s ,  of course, a r e  excluded as poss ib le  aus- 
t r a l i t e  entry t r a j e c t o r i e s ;  s imi l a r ly ,  a t  very shallow e n t r y  angles ( s i n  y i  < 0.14, 
y i  < 8O), the pressure i s  t o o  low (psf < 0.075 a t m )  f o r  r i ng  waves t o  form, and 
these  t r a j e c t o r i e s  a l s o  a re  excluded. A glance a t  t h e  opposite i n c l i n a t i o n s  of t h e  
two sets of curves i n  f igu re  19 revea ls  t h a t  f o r  a p a r t i c u l a r  and a p a r t i c u l a r  
psf ,  t h e  two curves would i n t e r s e c t  a t  a poin t  which determines both V i  and yi, 
and, therefore ,  t h e  e n t r y  t r a j e c t o r y  of t h e  t e k t i t e .  I n  p rac t i ce ,  however, t h e  
determination of ys f o r  a given t e k t i t e  i s  not  exact,  t h e  ca l cu la t ion  of V i ( y i )  
f o r  a given ys i s  not pe r f ec t ,  and a given ring-wave spacing corresponds t o  a 
range i n  pressure,  r a t h e r  than t o  a s ing le  pressure .  Consequently, i n  t h e  app l i -  
ca t ions  herein, t h e  Y s  and-PSf 
becomes a zone, somewhere wi th in  which would be the  t r u e  

ys 

A s  t h e  e n t r y  ve loc i ty  

A t  en t ry  v e l o c i t i e s  less  than about 5 km/sec, t h e  ab la t ion  

ys 

l i n e s  each become bands, and t h e i r  i n t e r s e c t i o n  
V i  and T i .  

I I n  analyzing t h e  amount of ab la t ion  on t h e  a u s t r a l i t e  primary shapes, which 
cons t i t u t e  various f igu res  of  revolut ion,  four  complications must be given 

I 
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considerat ion:  
only one a t t i t u d e  r e l a t i v e  t o  t h e  f l i g h t  path -- such as a teardrop, o r  a round 
form with an i n t e r n a l  bubble displaced off center, or a s izably  oblate  spheroid, 
o r  an elongate form -- genera l ly  cannot be  expected t o  have entered t h e  atmosphere 
a t  e x a c t l y  t h a t  a t t i t u d e  required f o r  s t ab le  f l i g h t ,  and must be expected t o  have 
turned, o r  wobbled, o r  perhaps t o  have tumbled, i n  the  e a r l y  and pre-ablat ion 
s tages  of entry;  ( 2 )  some of t he  a x i a l l y  symmetric round forms may have been 
s i g n i f i c a n t l y  obla te  spheroids, r a the r  than perfect  spheres; ( 3 )  p r i o r  t o  entry,  
some of t h e  primary t e k t i t e s  may have been slowly turning about an ax i s  inc l ined  
t o  t h e  f l i g h t  path d i rec t ion ;  and ( 4 )  some of t h e  t e k t i t e s  which today exhib i t  a 
thoroughly bubbled p i t t e d  p o s t e r i o r  surface,  may have been shrouded with a s h e l l  
of g l a s s  f r o t h  p r i o r  t o  t h e i r  e n t r y  i n t o  t h e  e a r t h ' s  atmosphere. By r e s t r i c t i n g  
a t t e n t i o n  t o  t h e  per fec t  button v a r i e t y  of t e k t i t e ,  some of which can be shown t o  
possess a complete "f i rs t -and-only" f lange (e .g . ,  see  f i g .  9) and which can be 
proven t o  have been of near ly  spher ica l  primary shape, t he  f i rs t  two of these  
complications automatical ly  a re  avoided. Also, by considering a s u f f i c i e n t  number 
of such a u s t r a l i t e s  t he  t h i r d  complication i s  circumvented. The Port Campbell 
a u s t r a l i t e s ,  as noted by Baker, general ly  exhibi t  a bubble-pit ted base of t e x t u r e  
e n t i r e l y  d i f f e r e n t  from t h e  smooth-surfaced flange surrounding it. Thus the  
p i t t i n g  may be p a r t l y  o r i g i n a l  and p a r t l y  due t o  t e r r e s t r i a l  etching. 
p i t t i n g  i s  t o  be expected f o r  formation o f  primary shapes i n  a near vacuum: b o i l -  
ing temporarily would occur a t  t h e  surface,  though not necessar i ly  i n  the  i n t e r i o r  
which i s  s l i g h t l y  pressurized by surface tension.  
r e l a t i v e l y  sharp edges show t h a t  t h e  melting has not occurred on t h e  base, and 
t h a t  t h e  base has not faced upstream during the a b l a t i o n  phase of en t ry .  There 
appear t o  be f e w  exceptions t o  these  c h a r a c t e r i s t i c s .  Hence, by considering a 
number of round-form, perfect-but ton t e k t i t e s ,  we can be assured t h a t  any pre-entry 
turning,  which might be important on an occasional t e k t i t e  t h a t  happens t o  have 
had some i n i t i a l  r o t a t i o n  about an ax i s  perpendicular t o  t h e  f l i g h t  path, i s  of 
minor importance i n  determining the  amount of a b l a t i o n  on most of them. For  t h e  
r e s u l t s  t o  be presented subsequently, t h e  possible e f f e c t  of pre-entry turning,  
as wel l  as t h e  possible  e f f ec t  of t he  presence of a pre-entry s h e l l  of g l a s s  f r o t h ,  
would be t o  increase somewhat t h e  calculated v e l o c i t i e s  of a u s t r a l i t e  en t ry .  

(1) an a x i a l l y  symmetric configuration which can f l y  s t a b l y  i n  

Such 

The abundance of p i t s  with 

A s ign i f i can t  f ea tu re  exhibi ted by the  a u s t r a l i t e  but tons i s  their .  wide 
variance i n  apparent amount of ab la t ion .  
s ized  by Baker (1959, p .  73 ) .  For a near ly  spherical  primary shape, t h e  amount of 
a b l a t i o n  i s  r e a d i l y  deduced from t h e  equation ys = 2Rg - De. Values of ys have 
been tabula ted  by Baker (1962a) f o r  23 perfect  buttons from t h e  s ingle  s i t e  of 
Port  Campbell, Victor ia ;  they va ry  from 0.55 cm f o r  P.B. 16 (pe r fec t  button number 
16 i n  Baker's t a b u l a r  da ta )  t o  1.65 cm f o r  P.B. 5 .  
t o  be ascr ibed t o  d i f fe rences  i n  s i l i c a  content, inasmuch as buttons with t h e  same 
spec i f ic  g r a v i t y  show a similar v a r i a t i o n  (cf ., ys = 0.55 cm f o r  P.B. 16 having 
p = 2.394, and p = 2.395) .  Also, t h i s  v a r i a t i o n  
i s  not t o  be a t t r i b u t e d  t o  d i f fe rences  i n  i n i t i a l  radius ,  inasmuch as buttons with 
t h e  same i n i t i a l  radius  show s ign i f i can t  var ia t ions  ( c f  ., ys = 0.56 f o r  P.B. 1 
having Rn = 1;03,  p = 9 -.,,?, 2 7  5cd ys = 0.99 f n r  P.3.  9 having EB = 1.05, 
p = 2.3777, and inasmuch as v a r i a t i o n s  i n  
t h e  ca lcu la ted  ys.  
expected s ince  both t h e  heating r a t e  and t h e  t o t a l  heat absorbed per  u n i t  a rea  by 
laminar convection during e n t r y  vary as ,/* ( see ,  e .g . ,  Chapman, 1959), and 

This f ea tu re  has been previously empha- 

Such a la rge  v a r i a t i o n  i s  not 

ys = 1.40 f o r  P.B. 18 having 

RB have only a very s m a l l  e f f e c t  on 
This l a t t e r  r e s u l t  may seem strange a t  f i r s t ,  but i s  t o  be 
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m/CDAR, which i s  equal t o  4p/3Q f o r  s o l i d  spheres, i s  independent of R .  It i s  
f o r  t h i s  reason t h a t  
t he  fundamental quant i ty  charac te r iz ing  the  amount of ab la t ion .  
a t ions  exhibited by ys 
v a r i a t i o n s  i n  the  
t h e  a m - t r a l i t e s  a r e  cosmic i n  o r i g i n  V i  
constant fo r  a l l ,  and t h e  s i zab le  v a r i a t i o n  i n  ys 
must be accounted f o r  e i t h e r  by such circumstances as e n t r y  a t  d i f f e r e n t  angles a t  
d i f f e r e n t  t i m e s  (due t o  the  e a r t h ' s  turning while a la rge  c l u s t e r  lands) ,  or by 
t h e  existence of mainly oblate  spheroids r a t h e r  than spher ica l  primary shapes. If 
the  a u s t r a l i t e s  a r e  t e r r e s t r i a l  i n  or ig in ,  t h e  f l i g h t  range from t h e i r  loca t ion  of 
o r i g i n  t o  t h a t  of t h e i r  common landing -p.lace must be constant,  and t h e  ys v a r i -  
a t ions  a r e  t o  be accounted f o r  e i t h e r  by such circumstances as t h e  permissible 
variance i n  V i  and y i  cons is ten t  with a constant range, or by t h e  prevalence 
among t h e  primary shapes of s i z a b l y  oblate ,  r a t h e r  than of near ly  spher ica l ,  
spheroids.  
t o  see which ones a r e  compatible with t h e  over -a l l  evidence. 

ys, r a t h e r  than t h e  volume or mass percent of ab la t ion ,  i s  

a r e  t h e r e f o r e  s ign i f i can t  and w i l l  lead t o  considerable 
If 

The s i zab le  v a r i -  

V i ( y i )  curves deduced f o r  t h e  var ious a u s t r a l i t e  but tons.  
f o r  d i r e c t  e n t r y  would be e s s e n t i a l l y  

f o r  t e k t i t e s  f r o m t h e  same s i t e  

We s h a l l  examine these  circumstances i n  g r e a t e r  d e t a i l  subsequently, 

RB 7 
cm 

1.10 

1.03 

1.12 

1.23 

1.38 

.92 

.90 

It i s  of i n t e r e s t  t o  demonstrate how t h e  s t r ia  d i s t o r t i o n s  i n  t h e  t h i n  melt 
Two t h i n  sec t ions  l aye r  depend markedly on t h e  r a t e  of aerodynamic heating 

i l l u s t r a t i n g  t h i s  a r e  presented i n  f i g u r e  21. Both models were f a b r i c a t e d  from 
one Indochina teardrop (IC202, o r i g i n a l l y  a n  18 gm teardrop from Dalat, South 
Viet-Nam), and both were ab la ted  f o r  about 7 seconds - but at considerably d i f -  
f e r en t  heating r a t e s :  
qs = 15 cal/cm2 sec, and t h a t  on t h e  r i g h t  with smaller f lange at qs = 90 cal/cm2 
sec .  It i s  apparent from t h e  systematic s t r i a e  d i s t o r t i o n s  t h a t  t h e  thickness  af 
t h e  melt layer  i s  smaller f o r  t h e  l a r g e r  r a t e  of heating, as it should be according 
t o  ab la t ion  ca l cu la t ions .  Thus, e n t r y  a t  high v e l o c i t y  and s t eep  angles encounters 
much grea te r  heating r a t e s  and th inner  m e l t  l aye r s  than  e n t r y  a t  small v e l o c i t y  
and shallow angles; and a comparison of t h e  observed s t r i a e  displacements d (y )  on 
a given t e k t i t e  with those ca lcu la ted  f o r  e n t r y  at var ious V i  and y i  enables a 
zone of compatibil i ty i n  Somewhere wi th in  
t h i s  zone the  e n t r y  conditions a r e  t o  be found. 

qs. 

t h a t  on t h e  l e f t  with l a r g e r  f lange  w a s  ab la ted  a t  

V i ( y i )  coordinates t o  be de l inea ted .  

RF, 
cm 

1.36 

1.36 

1.28 

1.23 

1.66 

1.19 

1.19 

Proceeding now with the  determination of e n t r y  t r a j e c t o r i e s  f o r  var ious 
t e k t i t e s ,  we start with a u s t r a l i t e  B279 (number 279 of Baker's c o l l e c t i o n ) .  The 
p r i n c i p a l  cha rac t e r i s t i c s  of t h i s  t e k t i t e  a r e  included i n  t h e  following t a b l e  of 
a u s t r a l i t e s ,  t he  e n t r y  t r a j e c t o r i e s  of which a r e  computed i n  t h e  present  paper: 

Designation 

B279 

P.B. 1 

P.B. 4 

P.B. 6 

B890 

c625 

Au9 

2.371 

2.373 

2.391 

2 * 397 

2.372 

2.424 

2.441 

0.99 

.64 

.76 

1.04 

1.03 

- 92 

.78 

cm 

0.90 

.% 

1.0 

1-33 

- 32 

.50 

-59 
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A s  previously mentioned, a u s t r a l i t e  B279 i s  t h e  only t e k t i t e  f o r  which da ta  has 
been obtained on t h e  d i s t o r t i o n  of i n t e r n a l  s t r i a e  d ( y ) ,  as wel l  as on t h e  amount 
of a b l a t i o n  and on t h e  spacing of r ing  waves. For t h i s  a u s t r a l i t e ,  t h e  character-  
i s t i c  thickness  of t h e  l i q u i d  layer  i s  6 = 0.01 cm ( see  f i g .  7 ) .  
curves i n  t h e  l e f t  port ion of f i g u r e  22(a)  correspond t o  t h e  range between 
6 = 0.008 and 6 = 0.012, a range t h a t  allows f o r  r e a l i s t i c  u n c e r t a i n t i e s  i n  t h e  
accuracy of determining 6 .  We see  t h a t  the zone between t h e  two curves deduced 
from t h e  values of psf, which a r e  compatible with t h e  first ring-wave diameter 
(Dwl/m = 0.99) ,  follows a t r e n d  s imi la r  t o  t h a t  deduced from 
displaced.  
a b l a t i o n  (ys = 2Rg - De = 0.90 cm), however, follows an opposite t rend .  
higher curve of these  l a t t e r  two represents  method I, and t h e  lower method 11, 
which we expect from t h e  comparison with f l i g h t  da ta  mentioned e a r l i e r  t o  under- 
es t imate  and t o  overestimate, respect ively,  t h e  amount of ab la t ion .  The crossing 
curves d e l i n e a t e  a c e r t a i n  zone of i n t e r s e c t i o n  wherein a l l  t h ree  sources of da ta  
a r e  mutually compatible. This zone l i e s  i n  t h e  e n t r y  v e l o c i t y  range around 
11 km/sec, and at  an e n t r y  angle of about 12' from t h e  hor izonta l  ( s i n  y i  = 0.2) .  
A u s t r a l i t e  B279 w a s  one of t h e  specimens f o r  which t h e  o r i g i n a l  e n t r y  ca lcu la t ions  
(Chapman, 1960) indicated a v e l o c i t y  of between about 10 and 12 km/sec and an angle 
between about 5' and 10'. 
B279, t h e  present  r e s u l t s ,  wherein da ta  on ring-wave spacing a r e  considered and 
wherein much more elaborate  ca lcu la t ion  methods a r e  employed, a r e  seen t o  be i n  
reasonable agreement. 

The two dashed 

6 but i s  somewhat 
The zone between t h e  two curves obtained from t h e  apparent amount of 

The 

I n  comparison t o  t h e s e  e a r l i e r  r e s u l t s  f o r  a u s t r a l i t e  

I n  t h e  r i g h t  por t ion  of f igu re  22(a)  are shown t h e  e n t r y  zones determined 
f o r  t h ree  of Baker's per fec t  button a u s t r a l i t e s .  Each zone i s  demarked by a 
boundary a t  t h e  t o p  l e f t  obtained from ys and computation method I, and a t  t h e  
bottom-right obtained from ys and computation method 11. The bottom l e f t  and 
t o p  r i g h t  boundaries t o  t h e  zone a r e  obtained from ring-wave spacing and t h e  
corresponding range i n  psf .  I n  a few cases t h e  ring-wave sculpture  i s  such t h a t  
t h e  f i r s t  wave c l e a r l y  i s  e i t h e r  i n  the  ear ly  s tages  of development when it forms 
a bump r a t h e r  than a c re s t ,  or i n  t h e  later s tages  where it i s  about t o  become a 
second r ing  wave and surrounds a c e n t r a l  hump. Experience has shown t h a t  i n  such 
cases t h e  f i r s t  wave s a f e l y  can be regarded as corresponding t o  e i t h e r  t h e  f i r s t  
ha l f ,  or t h e  second ha l f ,  respect ively,  of the  r ing  wave cyc le .  A u s t r a l i t e s  of 
t h i s  type,  f o r  example, a r e  P.B. 1 and c625. 
demarcated i n  f i g u r e  22(a)  i s  representat ive of more than one a u s t r a l i t e :  
t he  domain f o r  P.B. 1, with 
buttons exhib i t ing  r e l a t i v e l y  small amounts of a b l a t i o n  (P.B. numbers 3, 7, and 
16, with ys 
t o  f i v e  o thers  exhib i t ing  a medium amount of a b l a t i o n  (P.B. numbers 2, 9, 13, 14, 
15 with ys between 0.9 and 1.1 cm); and P.B. 6 with ys = 1.33 cm i s  s imi l a r  t o  
f o u r  o thers  exhib i t ing  a r e l a t i v e l y  l a rge  amount of a b l a t i o n  (P.B. numbers 8, 18, 
20, 21  with ys between 1 .3  and 1 . 4  cm). The r a t h e r  l a rge  v a r i a t i o n  i n  e n t r y  
v e l o c i t i e s  and angles deduced f o r  these  a u s t r a l i t e s ,  a l l  of which were found a t  
one s i t e ,  i s  a circumstance which commands ca re fu l  considerat ion i n  comparing these  
e n t r y  t r a j e c t o r i e s  with var ious hypotheses as t o  t h e  o r i g i n  of t he  a u s t r a l i t e s .  

Each of t he  zones f o r  per fec t  buttons 
thus,  

ys = O.$, i s  similar t o  t h a t  f o r  t h ree  o ther  per fec t  

ys = 1.0 cm i s  s i m i l a r  between 0.55 and 0.65 cm); also,  P.B. 4 with 

A u s t r a l i t e  buttons from areas  other  than Vic tor ia  revea l  a b l a t i o n  f e a t u r e s  
s i m i l a r  t o  those on t h e  Port  Campbell t e k t i t e s ,  and correspond t o  e n t r y  conditions 
t h a t  a r e  not g r e a t l y  d i f f e r e n t .  One such example i s  a u s t r a l i t e  Aug, from Western 



Aust ra l ia ,  the  en t ry  conditions f o r  which are depicted i n  t h e  l e f t  por t ion  of 
f igu re  22 (b ) .  
Charlot te  Waters, near  t he  northern boundary of t h e  c e n t r a l  por t ion  of t h e  Austra- 
l i a n  s t rewnfield.  This l a t t e r  but ton exh ib i t s  t h e  smallest  amount of ab la t ion  
(ys  = 0.50 cm) of  a l l  t h e  s o l i d  a u s t r a l i t e  buttons of comparable s i z e  f o r  which we 
thus  f a r  have obtained de ta i l ed  measurements. 
ab l a t ion  tha t  i s  s t i l l  smaller, but t h i s  i s  a t t r i b u t a b l e  t o  a la rge ,  asymmetrically 
disposed, bubble cavi ty  which it contains  ( a  cav i ty  reduces m/CDAR, t h e  heat  
absorbed, and t h e  amount of a b l a t i o n ) .  I n  t h e  case of ~ 8 9 0  t h e  ys value i s  
0.32 cm, as determined from an average between values  deduced by geometric recon- 
s t r u c t i o n  from an off-center  s ec t ion  p r o f i l e  (k indly  provided by Dr. George Baker), 
and by numerical i n t eg ra t ion  of t h e  f lange  volume as deduced from t h e  c ross  sec-  
t i o n a l  a rea  of t h e  f lange .  The value of 0.32 cm f o r  ys i s  t h e  smallest of any 
a u s t r a l i t e ,  s o l i d  o r  hollow, t h a t  we have thus  fa r  s tudied .  A s  noted ear l ier ,  any 
configuration, such as an asyrmnetric hollow t e k t i t e ,  t h a t  has only one a t t i t u d e  
f o r  s t a b l e  f l i g h t ,  can not be expected t o  have entered t h e  atmosphere a t  p rec i se ly  
t h e  proper a t t i t u d e  f o r  aerodynamically s tab le  f l i g h t  : 
i t i t i a l  turning, or  twis t ing ,  o r  wobbling i n t o  t h e  aerodynamically s t a b l e  pos i t i on  
undoubtedly took place during t h e  e a r l y  s tages  of en t ry .  
t h e  s tagnat ion point  wanders over t h e  surface of t h e  t e k t i t e ,  d i s t r i b u t e s  t h e  
heat ing over a g r e a t e r  area, and r e s u l t s  i n  considerably less  ab la t ion  than i n  t h e  
case of a nonturning t e k t i t e  (such as a uniform sphere which i s  properly or ien ted  
f o r  s t a b l e  f l i g h t  no matter what a t t i t u d e  it possesses p r i o r  t o  e n t r y ) .  
u n r e a l i s t i c ,  therefore ,  t o  compute t h e  en t ry  v e l o c i t y  of t e k t i t e s ,  such as ~ 8 9 0 ,  
which can f l y  i n  only one a t t i t u d e ,  under t h e  assumption of zero turn ing  and per-  
f e c t  aerodynamic o r i en ta t ion  throughout en t ry .  I n  t h e  appendix t o  t h i s  paper some 
d e t a i l s  are  given of t h e  computational method employed t o  account approximately 
f o r  t h e  turning which i s  expected during t h e  e a r l y  s tages  of en t ry  of such t e k t i t e s .  
Those portions of t h e  domain boundaries represented by dashed l i n e s  i n  f i g u r e  22(b) ,  
correspond t o  t h e  extension i n  t h e  ca lcu la ted  e n t r y  conditions brought about by 
turn ing .  It i s  seen t h a t ,  when turn ing  i s  disregarded, t h e  V i  range f o r  ~ 8 9 0  
extends only from about 7 t o  10 km/sec; but ,  when turn ing  i s  considered, V i  
from 7 t o  about 13 km/sec. Complications introduced by t h e  uncer ta in  amount of 
tu rn ing  cons t i t u t e  v a l i d  reasons f o r  s e l ec t ing  t h e  pe r fec t  but ton a u s t r a l i t e s ,  
r a t h e r  than asymmetrical forms, f o r  subsequent discussion of t h e  en t ry  conditions 
of t h e  Austral ian t e k t i t e s .  

Also shown are t h e  en t ry  condi t ions f o r  a u s t r a l i t e  c625, from 

Tek t i t e  ~ 8 9 0  exh ib i t s  an amount of 

on such a u s t r a l i t e s  some 

I n  t h e  process of turning,  

It i s  

extends 

It i s  of i n t e r e s t  t o  i l l u s t r a t e  a l s o  t h e  approximate e n t r y  condi t ions f o r  
t e k t i t e s  from Java. Unlike t h e  primary a u s t r a l i t e s ,  t h e  primary javani tes  were of 
r e l a t i v e l y  i r r e g u l a r  form; hence, t h e  deduction of t h e i r  e n t r y  condi t ions i s  subject  
t o  a considerable uncer ta in ty  i n  es t imat ing 
est imat ing t h e  expected e f f e c t  of tu rn ing  on such i r r e g u l a r  shapes. 
t i o n s  f o r  the javani tes  a l s o  involve some uncer ta in ty  i n  t h e  appropriate  physical  
p rope r t i e s  t o  use ( e spec ia l ly  vapor pressure)  inasmuch as our experiments were 
conducted on a u s t r a l i t e  g l a s s  of a somewhat d i f f e r e n t  composition. Nevertheless,  
t h e  approximate en t ry  condition f o r  two examples have been computed: 
core, specimen J1, f o r  which t h e  estimated ys i s  0.58 em, t h e  r ing  wave spacing 
i s  Dwl/FQ = 0.85, and the  i n i t i a l  rad ius  i s  taken as 1 cm ( t h i s  core has been 
f igured  by von Koenigswald (1960, f i g u r e s  6 ( a )  and 6 ( b ) ) ;  and ( 2 )  a smaller core, 
specimen J2 ,  representa t ive  of t h e  s i z e  which i s  marginal f o r  t h e  production of 
r i n g  wave flow r idges .  Studies  of var ious s m a l l  cores i n  t h e  co l l ec t ion  of 
von Koenigswald revealed t h a t  
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ys, as w e l l  as t o  an uncer ta in ty  i n  
Entry ca lcu la-  

(1) a 11 .4  gm 

RB = 0.6 cm, ys = 0.29 cm, and D w l / R ~  = 1.0, divided 



t h e  smaller t e k t i t e s  without f l o w  r idges f r o m  those with flow r idges .  For both 
specimens t h e  physical  p roper t ies  were taken as those of an a u s t r a l i t e  with 
( t h e  value of 
computed domains f o r  atmosphere en t ry  of J1 and J 2  are shown i n  t h e  r i g h t  por t ion  
of f igu re  22(b) .  
dashed l i n e s  correspond t o  t h e  e f fec t  of turning on t h e  ca lcu la ted  en t ry  conditions.  
It i s  worthy of note  t h a t  t h e  flow r idges on t h e  smaller javani tes  general ly  form 
an a r c  on one s ide  of t h e  f ron t  face,  ra ther  than  a c e n t r a l  r i ng ,  thus suggesting 
t h a t  some turn ing  s t i l l  ex i s t ed  even a t  t h e  terminat ion of ab la t ion .  I n  considera- 
t i o n  of t hese  circumstances, together  with the  severa l  unce r t a in t i e s  introduced by 
t h e  i r r e g u l a r  shapes of t h e  primary javani tes ,  about a l l  t h a t  can be deduced from 
t h e  computed r e s u l t s  f o r  J1 and J2 ,  i s  t h a t  t h e  javani te  en t ry  ve loc i ty  would be i n  
t h e  range between about 7 and 12  km/sec. Thus, as i n  t h e  case of a u s t r a l i t e  B8g0, 
t h e  en t ry  t r a j e c t o r i e s  f o r  t h e  javani tes  involve considerable uncertainty,  and are 
not of comparable accuracy t o  t h e  t r a j e c t o r i e s  determined f o r  t h e  per fec t  button 
aus t r a l i t e s ,  which are considered i n  g rea t e r  d e t a i l  subsequently. 

p = 2.46 
The p fo r  J1, as communicated t o  us by G .  H. R.  von Koenigswald). 

A s  i n  t h e  case of B89, the  domain boundaries represented by 

KYPOTHESES OF TEKTITE O R I G I N  

Some very s ign i f i can t  experimental evidence per ta in ing  t o  t h e  mechanism of 
formation of t e k t i t e s  has been published recent ly  by Chao, Adler, Dwornik and 
L i t t l e r  (1962). They have discovered per fec t ly  sphe r i ca l  meta l l ic  inclusions of 
near meteor i t ic  composition completely embedded within c e r t a i n  t e k t i t e s  from t h e  
Phi l ipp ines .  The spherules range i n  s i z e  from 0 . 1 t o  0.5 mm, shine i n  r e f l e c t e d  
l i g h t  with a meta l l ic  l u s t r e ,  and are f r e e  o f  any t r a c e  of oxidation. Their com- 
pos i t i on  w a s  found t o  cons is t  mainly of kamacite, a phase of i r o n  (about 95 per -  
cen t )  and n ick le  (up t o  3 percent ) ,  which i s  a composition approaching t h a t  of 
i r o n  meteori tes .  Chao, e t  a l .  , have noted tha t  similar spherules,  though smaller,  
are abundant i n  t h e  t e r r e s t r i a l  impact glasses found near t h e  meteor i t ic  c r a t e r  of 
A1 Hadida (Wabar) . Many years  ear l ier ,  Spencer (1933a) reported t h e  observation 
i n  a u s t r a l i t e  and indochini te  microsections,  of a f e w  imbedded spots  a l s o  showing 
a meta l l ic  l u s t r e  by r e f l e c t e d  l i g h t .  Although these  inclusions w e r e  not. chemi - 
c a l l y  iden t i f i ed ,  Spencer noted t h a t  they were of similar dimensions and of t h e  
same appearance as t h e  meta l l ic  spherules which he had previously observed i n  t h e  
t e r r e s t r i a l  impact g lasses  f r o m t h e  meteori t ic  c r a t e r s  of Wabar and Henbury. Con- 
sequently,  Spencer (1933b) surmised t h a t  t e k t i t e s  or ig ina ted  from t h e  impact of an  
i r o n  meteori te  i n  ea r th  rock. This  suggestion, t h a t  hypervelocity impact from a 
meteori te  w a s  t h e  machanism which formed the  t e k t i t e s ,  i s  now given added experimen- 
t a l  support by t h e  pe t ro logic  evidence o f  Chao and h i s  colleagues; but Spencer's 
assumption t h a t  t h e  ea r th  w a s  t h e  planet  on which t h a t  impact took place,  i s  con- 
t r a d i c t e d  by (1) t h e  b a l l i s t i c  experience of pas t  generations which has es tab l i shed  
t h a t  small objec ts  f l y ing  through t h e  atmosphere from a s ing le  loca t ion  cannot pos- 
s i b l y  overspreadan a rea  t h e  s i z e  of t h e  Australian cont inent ;  ( 2 )  t h e  aerodynamic 
experiments v i t h  mzsses of f l u i d  g l a s s  e jected i n t o  t h e  atmosphere, as described 
ear l ier ,  which demonstrate t h a t  t h e  australi te primary shapes were formed i n  an 
e s s e n t i a l l y  atmosphereless environment; and ( 3 )  t h e  aerodynamic ab la t ion  experiments 
G f  t h e  pas t  two years  which, as explained l a t e r ,  e s t ab l i sh  en t ry  t r a j e c t o r i e s  f o r  t h e  
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a u s t r a l i t e s  t h a t  a r e  uniquely compatible with o r i g i n  from the  moon, r a the r  than 
t h e  e a r t h .  
of var ious hypotheses of t e k t i t e  o r i g i n  with emphasis on t h e  severa l  sources of 
aerodynamic evidence. 

I n  subsequent port ions of t h e  present  sec t ion  a discussion i s  presented 

One conclusion from the  experiments on t h e  breakup of g l a s s  drops -- which 
i s  per t inent  t o  t h e  o r i g i n  of t e k t i t e s ,  i r r e s p e c t i v e  of whether from a t e r r e s t r i a l  
or an e x t r a t e r r e s t r i a l  source - -  i s  t h a t  it i s  possible  f o r  two d i f f e r e n t  groups 
of t e k t i t e s ,  such as those i n  Aus t ra l ia  and i n  Indochina, t o  have gross ly  d i f -  
f e r en t  primary shapes, and ye t  be congenetic from a s ingle  impact. The variance 
of primary shapes between s t rewnfields  i s  ind ica t ive  of d i f f e r e n t  v i s c o s i t i e s  of 
formation, as Beyer (1942) previously has emphasized. 
a u s t r a l i t e s ,  t h e  indochini tes  a r e  l a r g e l y  teardrops (Lacroix, 1932).  Di f fe ren t  
port ions of t h e  e j e c t a  from an impact necessar i ly  would be expelled a t  d i f f e r e n t  
temperatures; t h a t  expelled f r o m t h e  f i r s t  and most in tense  s tage of shock prop- 
agat ion through t h e  t a r g e t  c rus t  would have a higher temperature than t h a t  
expelled from l a t e r  and l e s s  in tense  s tages  of propagation. The v a r i a t i o n  i n  
temperature of t e k t i t e  g l a s s  required t o  increase t h e  v i s c o s i t y  by a f a c t o r  of 12, 
which as shown e a r l i e r ,  i s  s u f f i c i e n t  t o  produce shapes t h a t  a r e  l a r g e l y  teardrops 
ins tead  of spheres, i s  about 500' C .  Since t h i s  d i f fe rence  i n  temperature i s  
r e l a t i v e l y  small compared t o  the  severa l  thousand degrees produced during impact, 
and since fused e j e c t a  from an impact vary i n  v e l o c i t y  as wel l  as i n  temperature, 
it i s  c l e a r  how one event could produce a conglomeration of e j ec t a ,  both f r a g -  
mented and fused: t h e  higher temperature port ion of t h e  fused e j e c t a  -- i n  t he  
absence of molesting aerodynamic f o r c e s  -- would produce l a r g e l y  spheres,  a some- 
what lower temperature port ion,  l a r g e l y  teardrops,  and a s t i l l  lower temperature 
port ion,  l a rge ly  i r r e g u l a r  shapes. Hypervelocity impacts, though, normally pro- 
duce a m a s s  of e j e c t a  which i s  many times g r e a t e r  than  t h a t  of t h e  p r o j e c t i l e ,  
as shown, fo r  example, by Denardo (1962) .  Hence, i f  t h e  impact were on ear th ,  
t he re  should be  found somewhere t h e  remains of a l a rge  quant i ty  of e j e c t a  pro- 
duced concurrently with the  t e k t i t e s .  If t h e  impact were on an e x t r a t e r r e s t r i a l  
body such as the  moon, t h e  p r i n c i p a l  quant i ty  of e j e c t a  would have remained t h e r e .  
For a typ ica l  meteor i t ic  p r o j e c t i l e  impacting on t h e  moon, some of t h e  debr i s  
would escape the  moon. Under such circumstances it i s  envisioned t h a t  the  
escaping debris  would contain some e j e c t a  of t h e  fused va r i e ty ,  of widely 
d i f f e r e n t  v i scos i ty ,  which would rap id ly  s o l i d i f y  i n t o  myriads of g l a s s  ob jec ts  
of d i f f e ren t  primary shapes. 

I n  cont ras t  t o  t h e  

Origin from t e r r e s t r i a l  impact.- The hypothesis t h a t  t e k t i t e s  or ig ina ted  when 
some cosmic body co l l ided  with the  ear th ,  w a s  f i r s t  suggested by Spencer (1933). 
I n  recent years t h i s  suggestion, i n  var ious modified forms, has been supported 
extensively by Urey, 1953, 1957; Barnes, 1961; Cohen, 1961 and Gentner, Lippolt ,  
and Schaeffer, 1962. 
Nininger, 1943) have pointed t o  t h e  experience of b a l l i s t i c s  t h a t  atmospheric 
r e t a r d a t i o n  a t  hyperveloci t ies  i s  tremendous and, consequently, r e s t r i c t s  severely 
t h e  f l i g h t  range of small objec ts .  Such r e s t r i c t i o n  leads t o  t h e  i n e v i t a b l e  con- 
sequence tha t  t h e  spread of objects  as small as t e k t i t e s  from coast t o  coast  over 
Aus t ra l ia  i s  not t o  be a t t r i b u t e d  t o  t h e  f l i g h t  of t e r r e s t r i a l  impact debr i s  
through t h e  atmosphere. I n  recogni t ion of t h i s  c r i t i c i sm,  advocates of a t e r r e s -  
t r i a l  impact o r i g i n  f o r  t e k t i t e s  have invoked t h e  assumption t h a t  somehow much of 

A s  one c r i t i c i s m  of t h i s  hipothesis ,  some s c i e n t i s t s  ( e  .g., 
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t h e  e a r t h ' s  atmosphere w a s  removed during the impact phenomenon, thereby enabling 
t h e  fused ea r th  i n i t i a l l y  t o  f l y  through a near vacuum, subsequently t o  s o l i d i f y  
i n t o  primary forms i n  outer  space, and f i n a l l y  t o  re-enter  t h e  atmosphere over 
Aus t ra l ia .  

The extent  t o  which t h e  e a r t h ' s  atmosphere must be depleted t o  enable a 
r e l a t i v e l y  small t e k t i t e  g l a s s  sphere of 1-cm diameter t o  e x i t  from t h e  atmosphere 
with a v e l o c i t y  compatible with t h e  areal d i s t r ibu t ion  of t h e  a u s t r a l i t e s  has been 
determined from numerical solut ions of t h e  b a l l i s t i c  t r a j e c t o r y  equations.  
n e n t i a l  atmospheres of varying sea- level  densi ty  
ca lcu la t ions  c a r r i e d  out on an IBM 7090 e lec t ronic  d i g i t a l  computer. 
i n i t i a l  v e l o c i t i e s ,  Vo 
5 O  t o  4 5 O  r e l a t i v e  t o  t h e  horizontal ,  were considered i n  t h e  ca lcu la t ions .  
found t h a t ,  even with e j e c t i o n  a t  t h e  optimum angle f o r  m a x i m u m  range, and a t  
v e l o c i t i e s  up t o  20 km/sec, t h e  t e k t i t e  would t r a v e l  only a few hundred meters i n  
t h e  standard e a r t h ' s  atmosphere (po = 0.0012 gm/cm3); only a few kilometers i f  
90 percent of t h e  atmosphere were depleted (Po= 0.00012 gm/cm3); and about 30 k m  
i f  99 percent were depleted ( po = 0.000012 gm/cm3). If 99.9 percent were somehow 
removed, however, a s w a r m  of r i g i d  g l a s s  spheres of 1-cm diameter could manage t o  
escape with t h e  v e l o c i t y  r equ i s i t e  f o r  spreading over an a rea  comparable t o  t h a t  
of Austral ia ;  but,  i n  so  doing they would be subjected t o  aerodynamic pressures  -- 
i n  t h i s  reduced dens i ty  of atmosphere -- of about one atmosphere pressure 
d i f f e r e n t i a l  from stagnat ion point t o  base.  
e r a l  thousand times g r e a t e r  than a molten blob of t e k t i t e  dimensions can withstand 
without d i s rupt ion  ( see  eq. (1)). 
molten i n  order t o  account f o r  t he  two periods of heating of t h e  a u s t r a l i t e s .  
Consequently, i n  order t o  explain the  survival  of near ly  spher ica l  drops of severa l  
centimeters radius ,  t h e  atmosphere through which t h e  molten primary bodies passed 
must have been much more tenuous than t h e  0.001 atmosphere required t o  enable 
r i g i d  nonablating objec ts  of these  dimensions t o  escape the  atmosphere. 

Expo- 
po were invest igated,  and t he  

Various 
from 1 km/sec t o  20 km/sec, and i n i t i a l  angles, y from 

It w a s  

Such a pressure d i f f e r e n t i a l  i s  sev- 

The hypothetical  e a r t h  e j e c t a  must have been 

The aerodynamic requirement developed e a r l i e r ,  t h a t  ps - pb = p,V,' < 200 
dynes/cm2 during formation of t h e  primary a u s t r a l i t e s ,  enables an upper l i m i t  t o  
be es tab l i shed  on the  atmospheric dens i ty  t h a t  i s  compatible with t h e  hypothesis 
of a u s t r a l i t e  o r i g i n  from a t e r r e s t r i a l  impact. 
have t o  be e s s e n t i a l l y  constant s ince t h e  fused blobs could not withstand more 
than  about 0.015 g deceleration; moreover, t h i s  near ly  constant e x i t  v e l o c i t y  
from t h e  atmosphere would equal t h e  reent ry  v e l o c i t y  i n t o  t h e  atmosphere, and t h i s  
must be t h e  order of 10 km/sec ( see  f i g .  22) .  V, = 10 km/sec the  aerodynamic 
requirement t h a t  p,V,' < 200 dynes/cr$, becomes p, < 2X10-7 atmospheres. This 
r e l a t i v e l y  high vacuum would have t o  be produced over a radius  of about 500 k i l o -  
meters t o  allow fused e a r t h  i n  the  case of the a u s t r a l i t e s  t o  e x i t  a t  angles as 
small as 12O ( see  f i g .  22, and note t h a t  the e x i t  angle equals t he  e n t r y  angle)  . 
Such a vacuum over such a n  a rea  would enable molten blobs of fused ea r th  t o  f l y  
through unmolested by aerodynamic fo rces .  Thus far, however, it has not been 
explained how such an extensive vacuum might be produced from an impact: t h e  
monstrous aerodynamic obstacle  t o  t h e  hypervelocity f l i g h t  of molten drops through 
t h e  e a r t h ' s  atmosphere, has e i t h e r  been disregarded by t h e  advocates of a t e r r e s -  
t r i a l  impact o r ig in  f o r  t e k t i t e s ,  or, i f  acknowledged, has been dismissed by 
invoking t h e  saving assumption t h a t  somehow t h e  atmosphere w a s  removed. 

The e x i t  f l i g h t  v e l o c i t y  would 
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When a l a rge  cosmic body e n t e r s  t h e  atmosphere, a region of r e l a t i v e  
r a re fac t ion  is ,  i n  f a c t ,  produced i n  i t s  wake. Calculat ions from inv i sc id  flow 
equations ind ica te  t h a t  a t  high v e l o c i t i e s  a pe r fec t  vacuum can be produced; but,  
due t o  t h e  e f f e c t s  of v i scos i ty ,  t h e  measured base pressure does not  f a l l  below 
about 0 . 1  of t h e  ambient pressure (Chapman, 1951). Such a low-pressure region, 
t h a t  extends only f o r  about one or two diameters downstream of t h e  en ter ing  body 
and i s  there  followed by t h e  t r a i l i n g  shock wave, does not provide an "out" f o r  
t h e  fused material. 

When a b l a s t  wave from an in tense  explosion propagates through t h e  atmosphere, 
a c e n t r a l  ra re fac t ion  zone a l s o  i s  produced; and ca lcu la t ions  from inv i sc id  flow 
equations again ind ica te  t h a t  a pe r fec t  vacuum can be produced a t  t h e  center  
(Sedov, 1959). A c r u c i a l  point ,  however, i s  t h a t  t h e  propagation v e l o c i t y  of an 
in tense  b l a s t  wave a t t enua te s  r ap id ly  with d is tance  from t h e  point  of explosion: 
mass i s  conserved; t h e  atmosphere i s  displaced r a d i a l l y  outward from t h e  b l a s t  
center ,  ra ther  than removed; and t h e  hypothet ical  fused e a r t h  must eventual ly  pass 
through and overtake t h e  propagating wave of va r i ab le  dens i ty  and diminishing 
v e l o c i t y .  Numerical ca lcu la t ions  using t h e  approximate empir ical  sca l ing  law of 
c r a t e r  volume proport ional  t o  expended energy, and t h e  equations of r a d i a l l y  
symmetric b l a s t  wave propagation (Sedov, 1959), show f o r  example, t h a t  an object  
moving a t  10 km/sec would soon overtake t h e  propagating b l a s t  wave: a f t e r  prop- 
agat ing a dis tance equal t o  t h e  diameter of t h e  c r a t e r  produced by t h e  impact, 
t h e  wave propagation ve loc i ty  would be small  compared t o  10 km/sec. Thus t h e  
blobs of hypothetical  fused e a r t h  must f l y  a t  e s s e n t i a l l y  constant ve loc i ty ,  
f irst  through t h e  propagating f i e l d  of cont inua l ly  increasing dens i ty  wi th in  the  
b l a s t  wave, and then through t h e  remaining por t ion  of t h e  e a r t h ' s  atmosphere 
e x t e r i o r  t o  t h e  wave. I n  such a hypervelocity f l i g h t ,  t h e  fused blobs would pass 
through dens i t i e s  far  g rea t e r  than  t h e  2x10-7 a t m  l imi t a t ion ,  and encounter 
r e l a t i v e  breezes far  s t ronger  than  t h a t  which molten drops of a u s t r a l i t e  s i z e  can 
withstand without d i s t o r t i o n  or dis rupt ion .  From our experiments w e  have seen 
t h a t  t h e  r equ i s i t e  breeze f o r  d i s rupt ing  such drops i s  no g r e a t e r  than t h a t  which 
can be blown from a man's mouth, and t h i s  experimental r e s u l t ,  toge ther  with t h e  
above considerations,  leads us t o  r e j e c t  t h e  hypothesis of a u s t r a l i t e  o r ig in  from 
an impact on ea r th ,  as wel l  a s  from an impact on Venus, Mars, or any o ther  planet  
which i s  shrouded with a subs tanz ia l  atmosphere. 

A comparison of t h e  en t ry  t r a j e c t o r i e s  which would be required f o r  a 
t e r r e s t r i a l  o r ig in ,  with those determined f o r  t h e  a u s t r a l i t e s  i s  presented i n  
f i g u r e  2 3 .  
buttons f rom t h e  s ing le  s i t e  of Port  Campbell are t h a t  V i  < 11.2 km/sec ( t h e  
e a r t h ' s  escape ve loc i ty ) ,  and t h a t  t h e  var ious 
f ixed  range f r o m  t h e  supposed point  of e x i t  from t h e  atmosphere. Lines of constant 
range, expressed i n  terms of t h e  corresponding a r c  angle 0 subtended a t  t h e  
e a r t h ' s  surface, are superimposed on t h e  
en t ry  t r a j e c t o r i e s  compatible with a given range a re  represented by these  l i n e s .  
A t  range angles of l e s s  than about 90° ( less  than one-fourth t h e  way around t h e  
globe) none of t h e  corresponding 
var ious perfect  but tons.  For 0 = 1800, t h a t  i s ,  an o r ig in  ha l f  way around t h e  
globe from Port  Campbell, t h e  ab la t ion  f ea tu res  of P . B .  1 could be accounted fo r ,  
s ince  t h e  8 = 180° curve i n t e r s e c t s  t h e  domain f o r  t h i s  a u s t r a l i t e ,  but t h e  
ab la t ion  fea tures  on t h e  others  could no t .  

The dynamic r e s t r i c t i o n s  f o r  a t e r r e s t r i a l  o r ig in  of these  per fec t  

V i  and T i  values  correspond t o  a 

V i ( 7 i )  p l o t  i n  f i g u r e  2 3 .  A l l  poss ib le  

V i ( y i )  po in ts  a r e  within t h e  domains of t h e  

For l a r g e r  ranges, such as about 315', 
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o r  7/8 t h e  w a y  around t h e  globe, P.B.  4 o r  P.B.  6 could be accounted fo r ,  but not 
P.B. 1. It i s  c l ea r ,  i n  f a c t ,  t h a t  t h e r e  i s  no point of o r ig in  on e a r t h  which 
would be compatible with a l l  of these  t r a j e c t o r i e s  determined f o r  t h e  pe r fec t -  
but ton a u s t r a l i t e s .  

One t echn ica l  point  which warrants comment, concerns t h e  inf luence on ab la t ion  
ca lcu la t ions  of t h e  t e k t i t e  temperature p r io r  t o  en t ry  i n t o  t h e  atmosphere. Under 
t h e  hypotheses of a t e r r e s t r i a l  o r i g i n  it might be expected t h a t  t h e  t e k t i t e s  were 
s t i l l  warm when they reentered t h e  atmosphere. The temperature of ab la t ion  i s  so  
much higher than ambient temperature, however, t h a t  it makes l i t t l e  d i f fe rence  t o  
t h e  ab la t ion  process whether t h e  i n i t i a l  t e k t i t e  temperature w a s  300° K, f o r  
example, or a f e w  hundred degrees higher .  Even t h e  l a r g e s t  a u s t r a l i t e  cores are 
undeformed by t h e  aerodynamic pressures  t o  which they were subjected and, hence, 
were r i g i d  p r i o r  t o  en t ry .  
t u r e  wel l  below t h a t  f o r  softening, t h e  smaller buttons analyzed herein -- which 
would c o o l  much more r ap id ly  than t h e  la rge  cores -- would have been cool  enough 
p r i o r  t o  e n t r y  t h a t  a knowledge of t h e i r  exact i n i t i a l  temperature i s  not  of major 
importance t o  t h e  determination of t h e i r  entry t r a j e c t o r i e s .  

Since these  la rger  forms must have cooled t o  a tempera- 

According t o  the  foregoing evaluat ion of t h e  two aerodynamics requirements 
developed i n  t h i s  paper -- namely, t h a t  t h e  primary a u s t r a l i t e s  not  be exposed 
during formation t o  more than a gen t l e  breeze of a i r  (ps  - pb < 200 dynes/crri?), 
and t h a t  t h e  a u s t r a l i t e  en t ry  t r a j e c t o r i e s  be compatible with those determined 
from t h e i r  ab la t ion  c h a r a c t e r i s t i c  -- nei ther  i s  s a t i s f i e d  by t h e  hypothesis of 
t e k t i t e  o r ig in  from t e r r e s t r i a l  impact. 
evidence stands unaffected by t h e  pa r t i cu la r  hypothesis as t o  how t e r r e s t r i a l  
debr i s  might manage t o  emerge from t h e  atmosphere: t h e  atmosphere e n t r y  evidence 
would be equal ly  appl icable  had t h e  impact been from a l a rge  meteori te  or a comet, 
or had t h e  primary a u s t r a l i t e s  been otherwise propelled through t h e  e a r t h ' s  atmos- 
phere.  Aerodynamic evidence of such a nature cons t i t u t e s  a v a l i d  basis f o r  
r e j e c t i n g  the  hypothesis of t e r r e s t r i a l  o r ig in  f o r  t h e  austral i tes ,  and by 
inference,  a l s o  f o r  t h e  o ther  r e l a t ed  groups of t e k t i t e s .  

It i s  emphasized t h a t  t h e  en t ry - t r a j ec to ry  

Origin as ab la t ion  drops from a aren t  b 9 . -  This hypothesis w a s  suggested 
i n  a FymTze form by Hardcastle (&=ported by Lacroix (1932) and Feriner 
(1938), revived i n  a modified form by O'Keefe (1960), and resupported by E .  Adams 
and Huffaker (1962b). 
body grazed an edge of t h e  e a r t h ' s  atmosphere at about parabol ic  v e l o c i t y  
(11.2 km/sec) and shed numerous ab la t ion  drops; some of t hese  drops are presumed 
t o  have ex i ted  from t h e  atmosphere with a ve loc i ty  somewhat l e s s  than t h e  escape 
ve loc i ty ,  then s o l i d i f i e d  i n  t h e i r  o r b i t  around t h e  ear th ,  and f i n a l l y  reentered 
t h e  atmosphere over Aus t ra l ia .  Such a hypothesis r e l i e s  on t h e  r a r e  incidence 
( a  p robab i l i t y  of severa l  i n  a thousand) of a grazing r a t h e r  than a d i r e c t  en t ry .  
This hypothesis requi res :  
a l t i t u d e  s o  t h a t  drops of a u s t r a l i t e  s i z e  were ne i the r  f l a t t e n e d  nor  disrupted by 
aerodynamic pressures;  ( 2 )  t h a t  t h e  reent ry  angle, which equals t h e  atmosphere 

and ( 3 )  t h a t  t h e  t e k t i t e s  found a t  a f ixed  s i t e  come from e s s e n t i a l l y  t h e  same 
o r b i t  and e n t e r  t h e  atmosphere a t  e s sen t i a l ly  t h e  same 
y i .  
t h e  condi t ion of equation (1) t h a t  
s o f t  primary spheroids, a t  a grazing ve loc i ty  of 10 km/sec, demands t h a t  

I n  the  modified form, it i s  assumed t h a t  a l a rge  parent 

(1) t h a t  t h e  ablat ion occurred a t  a s u f f i c i e n t l y  high 

exit arelet ,nnl w a s  -"-cry shallow, no %=re than abcut Y ?  
/ I  J 

= 0.1 (60 from hoyivnn+al\ 

V i ,  as w e l l  as at t h e  same 
That (1) i s  contradicted by t h e  aerodynamic evidence may be seen as fo l lovs :  

p,Vm2 < 200 dynes/cm2 during formation of t h e  



1/2 p,Vd3 -- t he  maximum possible  amount of aerodynamic heating per  u n i t  a rea  from 
a l l  convective and r ad ia t ive  sources -- be l e s s  than 1/2( 200) ( 106)=108 erg/cm2 S E C ,  

o r  l e s s  than 2 .4  cal/cm2 sec .  
i n su f f i c i en t  t o  r a i s e  t h e  parent body temperature above about llOOo K, and e n t i r e l y  
inadequate t o  have brought about t h e  a b l a t i o n  i n  the  f i r s t  place,  thereby contra-  
d i c t i n g  the  ab la t ion  drop hypothesis.  
evidence may be seen from t h e  domain f o r  no r ing  waves demarcated i n  f i g u r e  20. 
A t  t he  shallow e n t r y  angles required by t h e  hypothesis of a grazing parent body, 
and f o r  objects of t y p i c a l  a u s t r a l i t e  s i z e  (Rg = 1 cm), psf 
0.02 t o  0.03 atmospheres where no r ing  waves form. Thus t h i s  hypothesis i s  incom- 
pa t ib l e  with the  observations t h a t  ring-wave flow r idges invar iab ly  a r e  present  on 
well-preserved a u s t r a l i t e s  of such s i z e .  F ina l ly ,  t h a t  ( 3 )  i s  contradicted by the  
Port  Campbell a u s t r a l i t e  e n t r y  t r a j e c t o r i e s  may be seen from a glance at f igu re  22, 
which shows a wide range of e n t r y  conditions f o r  V i ( y i )  r a the r  than a s ing le  s e t .  
The parent body ab la t ion  drop hypothesis, therefore ,  i s  not considered f u r t h e r .  

This i s  a r e l a t i v e l y  t r i v i a l  amount of heating, 

That ( 2 )  also i s  re fu ted  by t h e  aerodynamic 

i s  i n  the  range from 

E x t r a t e r r e s t r i a l  ~- o r i g i n  i n  genera l . -  For a s ingle  shower of ob jec ts  from an 
e x t r a t e r r e s t r i a l  source t o  have landed on only a small port ion of t h e  e a r t h ' s  
surface,  it would have been necessary f o r  t h e i r  e n t r y  v e l o c i t i e s  t o  a l l  have 
e s s e n t i a l l y  a common value, and f o r  t h i s  value t o  have been g r e a t e r  than or  approx- 
imately equal t o ,  t h e  e a r t h ' s  escape v e l o c i t y  of 11.2 km/sec. 
angles, however, need not have been t h e  same even f o r  t e k t i t e s  found a t  one s i t e ,  
provided the c l u s t e r  i s  s u f f i c i e n t l y  l a rge  f o r  t he  ea r th  t o  have turned a sub- 
s t a n t i a l  amount during t h e  i n t e r v a l  i n  which t h e  c l u s t e r  landed. Wide v a r i a t i o n s  
i n  e n t r y  ang le  f o r  common-site t e k t i t e s ,  however, imply l a rge  c l u s t e r  dimensions, 
as i s  i l l u s t r a t e d  by some examples i n  f igu re  24. I n  t h i s  p lo t  t h e  domains covered 
by the  various per fec t  buttons can be used, along with the  equations f o r  hyperbolic 
o r b i t s ,  t o  compute t h e  approximate c l u s t e r  dimension corresponding t o  a given 
cosmic entry ve loc i ty .  For example, f o r  d i f f e r e n t  common-site t e k t i t e s  t o  have 
entered at d i f f e ren t  angles within the  range demanded by t h e  var ious p e r f e c t  button 
au ' s t ra l i tes  f o r  Vi = 13 km/sec, t h e  e a r t h  would have had t o  r o t a t e  f o r  about 5 
hours while t h e  c l u s t e r  landed; a t  t h e  e a r t h  approach v e l o c i t y  of 6 km/sec, corre-  
sponding t o  V i  = 13 km/sec, t h i s  durat ion of landing implies a c l u s t e r  of dimen- 
s ions t h e  order of 100,000 km. This i s  much l a r g e r  than reasonably would be 
expected t o  land only on a confined port ion of t h e  globe. A t  lower values  of V i  
t h e  implied c l u s t e r  dimensions become smaller,  approaching zero slowly a t  V i  
approaches 11.2 km/sec . The implied c l u s t e r  dimensions a re  a few thousand k i l o -  
meters - the appropriate  dimensions f o r  t h e  Austral ian continent - f o r  values of 
Vi This narrow range 
of e n t r y  ve loc i ty  i s  the  same as t h a t  o r i g i n a l l y  deduced f o r  t he  a u s t r a l i t e s  
(Chapman, 1960).  

The var ious e n t r y  

a f r ac t ion  of a km/sec above the  e a r t h ' s  escape ve loc i ty .  

Extrasolar-%stem -I__--- ----_I o r i g i n .  - Such an o r i g i n  w a s  suggested i n  1898 by Krause 
(as reported by Baker 1959)nd r e c e n t l y  revived by Kohman (1958). 
of objects  t o  come from outs ide the  s o l a r  system, t h e  minimum possible  v e l o c i t y  of 
e n t r y  i n t o  t h e  e a r t h ' s  atmosphere would be about 16.6 km/sec. This minimum corre-  
sponds t o  an extremely r a r e  circumstance, s ince  it represents  a t r a j e c t o r y  which 
acc identa l ly  happens t o  approach i n  t h e  plane of t he  e a r t h ' s  e c l i p t i c ,  and which 
a l s o  happens t o  zero i n  along t h e  same d i r e c t i o n  of motion as t h a t  which t h e  e a r t h  
has at t h e  in s t an t  of en t ry .  
however, requires t h a t  t h e  e n t r y  v e l o c i t y  be f a r  g r e a t e r  than t h a t  which i s  com- 
p a t i b l e  with t h e  r e l a t i v e l y  small amount of a b l a t i o n  on a u s t r a l i t e s ,  such as P.B. 1 

For a c l u s t e r  

Even t h i s  extremely unl ike ly  minimum condition, 



or C625. 
system i s  unequivocally r e j e c t e d  b y  t h e  aerodynamic evidence. It a l so  has been 
r e j e c t e d  by Anders (1960) and by Vis te  and Anders (1962) on t h e  equal ly  s u b s t a n t i a l  
basis of an absence of t h e  cosmic ray  spa l la t ion  isotope A12" i n  t e k t i t e s ;  such 
an isotope would be present  i n  r e a d i l y  detectable  amounts i f  t h e  t e k t i t e s  had been 
long exposed t o  t h e  i n t e r s t e l l a r  cosmic rad ia t ion .  

The hypothesis of t e k t i t e  o r ig in  from a source ex terna l  t o  the  s o l a r  

Origin from a s t e r o i d a l  b e l t ,  or  l o s t  p lane ts . -  The hypothesis of o r ig in  from 
disrupted p lane ts ,  as suggested by Stair  (1954) and Cassidy (1956), o r  from c e l e s -  
t i a l  ob jec ts  i n  t h e  s o l a r  system which a re  small enough t o  not possess an atmos- 
phere, i s  compatible with the  aerodynamic requirement t h a t  a negl ig ib le  pressure 
d i f f e r e n t i a l  f o r  ps - pb ex is ted  during primary formation; but such a hypothesis 
encounters contradict ions with other  evidence. The absence of detectable  AlZ6 i n  
t e k t i t e s ,  f o r  example, corresponds t o  a maximum cosmic f l i g h t  time of 90,000 years  
(Vis te  and Anders). T h i s  maximum i s  several  orders of magnitude smaller than t h e  
expected time of f l i g h t  between t h e  hypothetical  production somewhere i n  t h e  s o l a r  
system and t h e  acc identa l  c o l l i s i o n  with the e a r t h .  Moreover, a t y p i c a l  meteorite 
from t h e  a s t e r o i d a l  b e l t  en t e r s  t h e  e a r t h ' s  atmosphere at v e l o c i t i e s  of about 
17 km/sec according t o  Whipple and Hughes (1955); and, as we have seen, these  
r e l a t i v e l y  high e n t r y  v e l o c i t i e s  a r e  incompatible with t h e  ab la t ion  evidence. 
Even extremely r a r e  t r a j e c t o r i e s  from the  a s t e ro ida l  b e l t  which happen t o  en te r  i n  
t h e  plane of t h e  e c l i p t i c  and along a path tangent t o  t h a t  of t h e  e a r t h  at t h e  
i n s t a n t  of co l l i s ion ,  require  v e l o c i t i e s  of about 13 km/sec, and these  imply exces- 
s ive  c l u s t e r  dimensions. Additional contradictory evidence has been pointed out 
by Urey (1955, 1957) from considerations of t he  magnitude of c l u s t e r  dens i ty  which, 
during h e l i o c e n t r i c  o r b i t  of a t e k t i t e  swarm, i s  required t o  prevent d i spers ion  
through the  perturbing d i f f e r e n t i a l  a t t r a c t i o n s  of t h e  sun 's  g r a v i t a t i o n a l  f i e l d .  
The r e q u i s i t e  c l u s t e r  dens i ty  during o r b i t  a t  t h e  e a r t h ' s  dis tance R from t h e  
sun of m a s s  M i s  about M/R3 ( see ,  e .g . ,  Russell,  Dugan and Stewart, 1945, 
p .  446), and t h i s  amounts t o  about 10-6 gm/cnr3 which, f o r  t he  Austral ian strewn- 
f i e l d  of 3,000 km breadth, implies an area  dens i ty  of 300 gm/c$ -- or a l aye r  of 
t e k t i t e s  p i l e d  about a meter deep. This d e f i n i t e l y  i s  not  t h e  case.  As  Urey has 
pointed out, t h e s e  cogent considerations of r e q u i s i t e  c l u s t e r  dens i ty  e l iminate  
many hypotheses as t o  t e k t i t e  or igin,  and leave only t h e  ear th ,  t h e  e a r t h ' s  moon, 
and an e x t r a s o l a r  o r ig in  f o r  considerat ion.  We have already r e j e c t e d  t h e  e a r t h  
and an e x t r a s o l a r  o r i g i n  from aerodynamic evidence, and, thus,  by the  process of 
elimination, a r e  l e f t  with t h e  moon as t h e  expected source of o r ig in .  

Lunar o r i g i n  of t e k t i t e s . -  This hypothesis w a s  suggested ea r ly  by Verbeek 
(1897)whoKZrded the  lunar  volcanoes as possible  sources of t e k t i t e  o r ig in .  
Linck (1928) has given t h i s  i d e a l  some support, and Nininger (1943) has advanced 
t h e  spec i f i c  suggestion t h a t  a meteor i t ic  impact on t h e  moon w a s  t h e  mechanism 
which sent  t e k t i t e s  t o  t h e  e a r t h .  The evidence f o r  lunar  o r ig in  of t h e  a u s t r a -  
l i t e s  i s  much more subs t an t i a l  than the  evidence out l ined above from t h e  negative 
approach of d i s c r e d i t i n g  or eliminating e s sen t i a l ly  a l l  other  o r ig ins .  
Shoemaker, and Moore on t h e  basis of recent hypervelocity impact experiments a t  
t h e  NASA Ames Research Center show t h a t  impact a t  V 6 km/sec i s  s u f f i c i e n t  t o  
fuse  quartz p a r t i c l e s .  Since meteorites s t r i k e  t h e  moon a t  considerably g r e a t e r  
ve loc i ty ,  and apparent ly  produce some very la rge  c ra t e r s ,  a mechanism i s  provided 
for sending a quant i ty  of fused lunar  crust  t o  t h e  e a r t h  which i s  ample t o  account 
f o r  t h e  mass of t e k t i t e s .  In  t h i s  regard it i s  t o  be noted t h a t  t he  amount of 

Gault, 



fus ion  increases as the  compressibi l i ty  of t he  t a r g e t  mater ia l  increases .  One 
of t h e  most consis tent  r e s u l t s  from o p t i c a l  and rad io  wave observations of the  
moon ( e . g . ,  Baldwin, 1961, Giraud, 1962, T ro i t sk i ,  1962) i s  t h a t  t h e  lunar  c rus t  
i s  composed of a ves icu lar ,  hence, compressible, ma te r i a l .  The deduction of 
T ro i t sk i ,  fo r  example, t h a t  p = 0 . 5  gm/cm3 corresponds t o  a lunar  c rus t  t h a t  i s  
composed of a f r o t h y  mater ia l  t h a t  i s  mainly voids and t h a t  i s  r e a d i l y  fused upon 
being shock compressed from an impact. It i s  per t inent  t o  note a l s o  t h a t  t he  
presence of th readl ike  rays emanating from c e r t a i n  of t h e  lunar c r a t e r s  i s  proof 
t h a t  a mechanism e x i s t s  f o r  d i r e c t i n g  c r a t e r  debr i s  t o  within a s u f f i c i e n t l y  
confined angular dispers ion so as not t o  cover t h e  e n t i r e  ear th ,  but t o  over- 
spread areas of cont inenta l  dimensions. 
commonly observed i n  hypervelocity impact experiments (Denardo, 1962) . 

Moreover, t h i s  " j e t t i n g "  phenomenon i s  

The most decis ive evidence f o r  assoc ia t ing  t e k t i t e s  with the  moon comes from 
The.requirement t h a t  t he  aerodynamic considerat ions.  

dynes/c@ during primary t e k t i t e  formation i s  obviously s a t i s f i e d  by the  moon's 
extremely tenuous atmosphere; and the  aerodynamic requirement from t h e  t r a j e c t o r y  
determinations, t h a t  t he  entry v e l o c i t y  be i n  t h e  range s l i g h t l y  above about 
11 .2  km/sec - as deduced f o r  t h e  Port Campbell buttons whose e n t r y  t r a j e c t o r i e s  
a r e  represented i n  f i g u r e  24 - i s  uniquely compatible with a lunar  o r ig in .  
t h i s  way the aerodynamic evidence d i r e c t l y  connects t h e  a u s t r a l i t e s ,  and hence t h e  
other  re la ted  t e k t i t e s ,  with the  moon. 

ps - pb = p,vm2 < 200 

I n  

No conclusion based on deductions from experimental inves t iga t ions  i s  absolute  
i n  t h e  sense t h a t  it does not  r e s t  on some assumption. I n  the  present case t h e  
t r a j e c t o r y  evidence, which appears t o  r e j e c t  unequivocally a l l  c e l e s t i a l  ob jec ts  
except t h e  moon, i s  based on t h e  fundamental assumption t h a t  t he  primary a u s t r a l i t e s  
were e i t h e r  spheres o r  near ly  spher ica l  spheroids p r i o r  t o  e n t r y  i n t o  t h e  atmos- 
phere. We have shown how t h i s  can be proven t o  have been the  case f o r  c e r t a i n  
a u s t r a l i t e s .  To our knowledge t h i s  cannot be proved f o r  a l l  of them. This par-  
t i c u l a r  assumption, however, i s  based on the  r e s u l t s  of s tud ies  of thousands of 
a u s t r a l i t e s  by Fermer and Baker, and thus  far  has not been questioned i n  the  
t e k t i t e  l i t e r a t u r e .  The present t r a j e c t o r y  evidence f o r  t he  a u s t r a l i t e s  i s  a l s o  
based on the assumption t h a t  most of t he  primary spheroids were e i t h e r  not r o t a t i n g  
p r i o r  t o  entry, or ,  i f  ro ta t ing ,  were turning with a s u f f i c i e n t l y  slow motion t o  
be damped before a b l a t i o n  s t a r t ed ,  so  t h a t  t he  ab la t ive  phase of e n t r y  occurred i n  
t h e  absence of s ign i f i can t  yawing o r  pi tching motions. It i s  t o  be noted t h a t  
many of the  per fec t  buttons analyzed possess a ring-wave system t h a t  i s  remarkably 
concentric,  and could not have had any appreciable t ransverse  motion during abla-  
t i o n .  This evidence, together  with t h a t  previously discussed as t o  t h e  general  
absence of surface melting on the  bubble-pit ted p o s t e r i o r  surfaces ,  lead us t o  
disregard consideration of slow i n i t i a l  turning i n  analyzing the  ma jo r i ty  of per- 
f e c t  button a u s t r a l i t e s .  
been turning about an axis perpendicular t o  t h e  f l i g h t  path, t he  a c t u a l  e n t r y  
v e l o c i t y  would be somewhat higher than computed herein.  On the  other  hand, f o r  a 
primary spheroid t h a t  w a s  s izab ly  oblate ,  r a t h e r  than c l o s e l y  spher ica l ,  t h e  ac tua l  
e n t r y  v e l o c i t y  would be lower than computed. The over -a l l  e n t r y  conditions deduced 
f o r  t h e  three groups of per fec t  buttons represent  t h e  majori ty  of perfect  buttons,  
and a r e  believed not t o  be s i g n i f i c a n t l y  a f fec ted  by these  considerat ions.  

For an occasional one which, p r i o r  t o  en t ry ,  may have 
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One of t h e  most i n t e r e s t i n g  aspects  about t he  idea of a lunar  or ig in  f o r  
t e k t i t e s  i s  t h e  consequence therefrom t h a t  the moon, l i k e  t h e  ear th ,  i s  a tho r -  
oughly d i f f e r e n t i a t e d  c e l e s t i a l  body. The moon i s  not s u f f i c i e n t l y  massive t o  
encompass within i t s  i n t e r i o r  s ign i f i can t  var ia t ions  i n  densi ty  due t o  compressi- 
b i l i t y  of t h e  s o l i d  matter of which it i s  composed. Since the  dens i ty  of t e k t i t e s  
(2.3-2.5) i s  considerably l e s s  than t h a t  of t he  moon's average ( 3 . 3 ) ,  it follows 
t h a t  t h e  i n t e r i o r  cannot be homogeneous, and t h a t  t he  c rus t  must be l i g h t e r  than 
t h e  core.  Under the  a c c r e t i o n a l  hypothesis f o r  formation of bodies within the  
s o l a r  system from common cosmic makter, a d i f f e r e n t i a t i o n  i n  dens i ty  of t h i s  
magnitude would be associated with a d i f f e r e n t i a t i o n  i n  chemistry, and major d i f -  
ferences would be expected i n  t h e  d i s t r ibu t ion  of chemical elements between t e k -  
t i t e s  and t h e  cosmic, o r  so l a r ,  average. To provide a background f o r  comparison 
of var ious chemical abundances, we have represented i n  f igu re  25 the  logarithm of 
t h e  elemental abundances i n  the  sun, the  meteorites, t h e  early-type hot B-stars, 
and t h e  p lane tary  nebulae. These d is t r ibu t ions ,  which a r e  normalized r e l a t i v e  t o  
log  N = 5 f o r  S i ,  were compiled from the  l i t e r a t u r e  (Al le r ,  1959; Goldberg, Muller, 
and Aller ,  1960; Krinov, 1960; Suess and Urey, 1956).  Where discrepancies ex is ted  
f o r  a given element, an average w a s  taken.  A s  i s  wel l  known, t h e  sun, and c e r t a i n  
of t he  stars and nebulae, exhib i t  mutually s imi la r  abundances, with the  l igh t -gas  
elements H and He being t h e  most prevalent .  The meteorites,  on t h e  other  hand, 
come from r e l a t i v e l y  small accumulations of matter and a r e  highly de f i c i en t  i n  t h e  
v o l a t i l e s  r e l a t i v e  t o  t h e i r  massive and luminous cosmic r e l a t i v e s .  For t h e  non- 
v o l a t i l e  elements, however, t h e  various c e l e s t i a l  ob jec ts  exhib i t  a remarkable 
uniformity.  One exception i s  Li,  which i s  low i n  t h e  sun; but t h i s  circumstance 
i s  expl icable  i n  view of t h e  consumption of L i  through so la r  nuclear reac t ions .  
Consequently, a mean cosmic d i s t r i b u t i o n  of elements can be obtained from these  
data,  and such a d i s t r i b u t i o n  i s  iden t i f i ed  as "solarcosmic" i n  f igu re  26 wherein 
it i s  compared with t h e  average elemental d i s t r ibu t ions  within the  ea r th  c rus t  and 
within t e k t i t e s .  Data f o r  t h e  elemental abundances i n  the  ea r th  c rus t  were taken 
from Mason (1958) and R a n k a m a  (1954), and t h a t  f o r  t e k t i t e s  from Buddhue (1956) 
and subsequent papers (Krinov, 1958, Taylor and Sachs, 1960). A s  would be expected, 
both t h e  e a r t h  c rus t  and t h e  t e k t i t e s  a r e  highly de f i c i en t  i n  the  v o l a t i l e  elements; 
more important, when a given nonvolat i le  element departs  s u b s t a n t i a l l y  from t h e  
solar-cosmic abundance, it does s o  f o r  both ea r th  c rus t  end t e k t i t e s .  The r e l a -  
t i v e l y  high K, U, and Th abundances, and the  r e l a t i v e l y  low C r ,  N i ,  and Co 
abundances, a r e  c h a r a c t e r i s t i c  of chemically d i f f e r e n t i a t e d  matter .  Thus a lunar 
o r i g i n  f o r  t e k t i t e s  leads t o  some important consequences about t he  chemical make-up 
of lunar  c r u s t  and about t h e  cosmological h i s tory  of t h e  moon: t he  average e l e -  
mental abundances of lunar  c rus t  a r e  not grossly d i f f e r e n t  from e a r t h  c rus t ;  and 
sometime i n  i t s  pas t  t h e  moon has been s u f f i c i e n t l y  heated, presumably by radio-  
ac t ive  elements, t o  have become a chemically d i f f e r e n t i a t e d  body. 

CONCLUDING REMARKS 

We have confined our a t t e n t i o n  almost e n t i r e l y  t o  t h e  a u s t r a l i t e s ,  from 
n e c e s s i t y  r a the r  than choice.  Few of t h e  other t e k t i t e s  exhib i t  f ea tu re s  of su r -  
face scu lp ture  o r  p r o f i l e  form t h a t  demonstrably a r e  aerodynamic i n  o r ig in .  The 
absence today of aerodynamic markings on such ancient  t e k t i t e s  as those found i n  
North America (over 30-million years K-A age) and i n  Czechoslovakia (about 14- 
mil l ion  years K-A age) i s  r e a d i l y  understandable and demands l i t t l e  comment. 
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But, t o  t h e  authors '  knowledge only a p a r t i a l  o r  clouded aerodynamic record i s  
present on the much younger t e k t i t e s  from Indochina, Indonesia, and t h e  Phi l ippines ,  
which have the same K-A age as t h e  a u s t r a l i t e s .  This circumstance warrants 
considerable comment and involves severa l  important unanswered quest ions.  

Perhaps t h e  most fundamental quest ion about t h e  "aus t ra las ian"  t e k t i t e s  - t h a t  
i s ,  those  strewn from Tasmania t o  South China, and from Thailand t o  t h e  P h i l i p -  
pines ,  - i s  whether or  not they  represent  a s i n g l e  event.  
and questions t h e  hypothesis t h a t  one grand shower of r e l a t e d  groups of t e k t i t e  
c l u s t e r s  descended over these  areas of t h e  globe,  Many s t r i k i n g  chemical s imilar-  
i t i e s  between t h e  various aus t r a l a s i an  t e k t i t e s  have been long known, and have been 
r ecen t ly  emphasized i n  t h e  study of Pinson (1962). Von Keonigswald (1960, and h i s  
e a r l i e r  papers r e fe r r ed  t o  t h e r e i n )  has pointed out c e r t a i n  systematic morphological 
va r i a t ions  i n  t h e  shapes spread from Aust ra l ia  t o  China, and has assoc ia ted  contem- 
poraneously t h e  t e k t i t e s  found i n  four d i f f e ren t  s i t e s  i n  Indonesia and t h e  P h i l i p -  
pines with the  remains o f  f o s s i l  mammals of middle t o  upper P le i s tocene  Age. The 
potassium-argon dat ing of Gentner and Zahringer (1960) has ind ica ted  a common 
K-A age of 0 . 6 ~ 1 0 ~  years f o r  each of t h e  var ious groups of  aus t r a l a s i an  t e k t i t e s .  
Also, t h e  present experiments on t h e  primary forms i n t o  which g lass  of var ious 
v i s c o s i t y  breaks up provides an explanation of how it i s  poss ib le  f o r  t h e  widely 
cont ras t ing  shape groups ( e .g . ,  dominantly teardrops i n  Indochina, ye t  dominantly 
spheres i n  Austral ia)  t o  come from d i f f e ren t  port ions of a s ing le  l a r g e  mass of 
fused material;  t h i s  parent material need only be nonuniform i n  temperature by a 
r e l a t i v e l y  small amount t o  produce t h e  widely d i f f e ren t  shape groups. 
hand, t h i s  p ic ture  of a un i f i ed  aus t r a l a s i an  t e k t i t e  f a l l  i s  opposed by evidence 
from severa l  other  sources.  
t h a t  t h e  geological age of t h e  javani tes ,  indochini tes ,  ph i l i pp in i t e s ,  and a u s t r a -  
l i t e s  a r e  a l l  d i f f e ren t ;  and Baker (1960) concludes from h i s  extensive s tud ie s  of 
t h e  a u s t r a l i t e s  t h a t  they have not been around s ince  Pleis tocene t i m e s ,  but have 
been exposed no more than  5,000 years  t o  atmosphere and t e r r e s t r i a l  agents .  
c l ea r  t h a t  addi t iona l  research i s  required t o  f u l l y  c l a r i f y  t h e  question of t h e  
ages and of t h e  number of fa l l s  comprised by t h e  aus t r a l a s i an  t e k t i t e s .  

Evidence both suggests 

On t h e  o ther  

Barnes (1961), f o r  example, ind ica tes  h i s  b e l i e f  

It i s  

Another important problem assoc ia ted  with t h e  aus t r a l a s i an  t e k t i t e s  i s  t h a t  of 
explaining why aerodynamic sculptur ing today i s  common on t h e  a u s t r a l i t e s ,  ye t  
appears t o  be rare on t h e  indochini tes ,  ph i l i pp in i t e s ,  and javani tes .  Occasionally 
it i s  stated t h a t  only t h e  a u s t r a l i t e s  show evident aerodynamic markings; but we 
have noted recent ly  (Chapman, Larson, Anderson, 1962) t h a t  over a hundred of t h e  
smaller javani tes  i n  t h e  co l l ec t ion  of von Koenigswald exhib i t  c l e a r  aerodynamic 
scu lp tur ing .  More commonly, however, t h e  javani tes  a r e  fragments, termed " t e k t i t e  
waste'' by von Koenigswald, and l i k e  many indochin i tes  appear t o  be broken and cor-  
roded portions of what were once much l a r g e r  specimens of unknown shape. I n  consid- 
e r ing  t h e  apparent absence of aerodynamic markings on less regular  shapes than t h e  
a u s t r a l i t e s ,  such as on t h e  t e k t i t e s  found i n  A s i a ,  s eve ra l  important aerodynamic 
circumstances o ther  than fragmentation are t o  be kept i n  mind. Three ways i n  which 
aerodynamic ab la t ion  can be revealed are by t h e  presence of a flange, t h e  exis tence 
of an obviously modified p r o f i l e  contour, and t h e  exis tence of systematic s t r iae  
d i s t o r t i o n s  i n  a very t h i n  layer beneath t h e  t e k t i t e  surface.  O f  these,  t h e  most 
conspicuous f ea tu re  would b e  t h e  presence of a flange; but m e l t  flow can be expected 
t o  accumulate i n t o  a f lange only if a t e k t i t e  i s  capable of f l i g h t  a t  a f ixed  
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or ien ta t ion ,  and if t h e  primary t e k t i t e  i s  of s u f f i c i e n t l y  regular  shape t o  possess 
about i t s  circumference a continuous closed l i n e  of flow separat ion t h a t  remains 
e s s e n t i a l l y  f i x e d  r e l a t i v e  t o  t h e  body. Such i s  not t o  be expected on i r r e g u l a r  
shapes, nor on shapes such as teardrops tha t  a r e  expected t o  t u r n  during en t ry .  
I f  a teardrop,  f o r  example, were slowly turning p r i o r  t o  entry,  it would continue 
t o  t u r n  during t h e  a b l a t i v e  phase: A flange would not be formed; t h e  heating would 
be spread a l l  around t h e  circumference and would be incapable of removing during 
a s t eep  parabol ic  en t ry  more than t h e  order o f  a mill imeter of g l a s s  from t h e  o r i g i -  
na l  contour. 
t e k t i t e ,  which never possessed a flange nor exhibi ted a marked a l t e r a t i o n  i n  pro- 
f i l e  contour, a l s o  w i l l  not  exhib i t  a t h i n  outer  l aye r  of systematic s t r ia  d i s t o r -  
t i o n s .  Under these  circumstances the  aerodynamic record i s  f i rs t  b lur red  and then 
erased; and t h e  apparent absence today of a u s t r a l i t e - l i k e  sculptur ing on t h e  indo- 
ch in i t e s  i s  not  a v a l i d  premise f o r  concluding t h a t  these  t e k t i t e s  did not once 
possess a t h i n  v e i l  of aerodynamic markings on t h e i r  ex te r io r .  This explanation 
i s  merely a possible  one; it may not be the  cor rec t  one, and it c e r t a i n l y  i s  not  
t he  only one. For example, another p o s s i b i l i t y  i s  t h a t  some very la rge  masses of 
g lass ,  t h e  cores of which were s t i l l  i n  a f l u i d  but highly viscous s t a t e ,  were 
broken up by the  la rge  aerodynamic f o r c e s  associated with la rge  e n t r y  objec ts .  
I n  order f o r  an object  t o  s t i l l  be hot a f t e r  a journey from the  moon, however, it 
would have t o  be of l a rge  dimensions, estimated t o  be t h e  order of meters. Thus 
far  the re  i s  l i t t l e  subs t an t i a l  evidence f o r  such a hypothesis; while it o f f e r s  
an explanation of t he  myriads of  teardrop forms found i n  Indochina (some of which 
are f l a t t e n e d ) ,  t h e  high concentration of t e k t i t e s  found i n  c e r t a i n  areas  of 
Southeast A s i a ,  t h e  dominance of apparently "unablated" t e k t i t e s  throughout these  
areas ,  and t h e  presence of occasional la rge  chunks of t e k t i t e  g lass ,  it may not 
withstand d e t a i l e d  pe t ro logica l  sc ru t iny .  Such a p o s s i b i l i t y  i s  mentioned here 
t o  emphasize our view t h a t  t h e  t r u e  sculpturing processes a r e  much l e s s  c l e a r  f o r  
t h e  Asian, than f o r  t h e  Austral ian t e k t i t e s ,  and t h a t  much more research i s  
required t o  a r r i v e  at a s a t i s f a c t o r y  explanation. 

After many thousands of years of exposure t o  t r o p i c a l  corrosion, such a 

The uncer ta in ty  of circumstances under which t h e  Asian t e k t i t e s  were formed 
does not de t r ac t  from the  s t rength  of t h e  aerodynamic evidence as t o  t h e  o r i g i n  of 
t h e  Austral ian t e k t f t e s .  On t h e  ex terna l  surface and within t h e  i n t e r n a l  s t ruc tu re  
of t h e  a u s t r a l i t e s ,  t he re  has been implanted an aerodynamic record of 'manifest 
c l a r i t y :  t h e  presence of ring-wave flow ridges and co i led  circumferent ia l  f langes,  
which a r e  reproducible i n  t h e  aerodynamic laboratory; t h e  presence of r a r e  shapes 
with wide, hatbrim f langes  and a s ingle  r i n g  wave, which shapes a l s o  a r e  repro- 
ducible i n  t h e  laboratory under correspondingly rare aerodynamic conditions;  t h e  
exis tence of a c e r t a i n  geometric re la t ionship  between t h e  f r o n t  curvature and t h e  
depth of a u s t r a l i t e s ,  which i s  t h e  same re la t ionship  as t h a t  produced by aerodynamic 
ab la t ion ;  t h e  presence of curious zigzag s t r i a e  p a t t e r n s  i n  port ions of a u s t r a l i t e  
f langes,  which a r e  a l s o  present i n  t h e  corresponding port ion of f langes,  produced 
by aerodynamic heating; t h e  exis tence of a very t h i n  layer  -- as t h i n  as t h e  fus ion  
c rus t  on meteori tes  -- of systematical ly  d i s to r t ed  g l a s s  s t r i a e ,  which a r e  repro- 
ducible i n  t h e  laboratory and are describable through prec ise ly  the  same mathe- 
mat ical  funct ions required by t h e  theory of aerodynamic ablat ion;  and the  exis tence 
of a unique character  of t h e  ex terna l  shapes of a u s t r a l i t e s ,  almost a l l  of which, 
when or ien teu  i n  t h e  p a r t i c u l a r  manner demanded by t h e  p a t t e r n  of r ing  waves and 
flow l i n e s  on t h e  f r o n t  face,  represent  configurations of s t a t i c  and dynamic 
s t a b i l i t y  during a descending e n t r y  i n t o  the atmosphere. These circumstances 



leave no doubt t h a t  t h e  a u s t r a l i t e s  have been sculptured by aerodynamic heat ing 
of r i g i d  t e k t i t e  g l a s s  during t h e  process of a hypervelocity descending en t ry  i n t o  
t h e  e a r t h ' s  atmosphere. The confirmation through numerous a b l a t i o n  experiments of  
t h e  a n a l y t i c a l  methods f o r  computing t h e  c h a r a c t e r i s t i c s  of a b l a t i o n  of t e k t i t e  
g l a s s  provides a sound bas i s  f o r  determining t h e  en t ry  t r a j e c t o r i e s  of t h e s e  
t e k t i t e s ;  and t h e  p r i n c i p a l  r e s u l t s  of t h i s  paper - -  t h a t  t h e  a u s t r a l i t e  en t ry  
t r a j e c t o r i e s  a r e  uniquely compatible with o r i g i n  from t h e  moon, and t h a t  t h e  
primary a u s t r a l i t e s  were formed i n  a near vacuum -- c o n s t i t u t e  a s t rong  case 
indeed f o r  the lunar o r i g i n  o f  t e k t i t e s .  

Ames Research Center 
National Aeronautics and Space Administration 

M o f f e t t  F i e l d ,  Calif . ,  Sept 18, 1962. 



APPENDIX 

ABLATION EQUATIONS AND PHYSICAL PROPERTIES OF TEKTITE GLASS 

A complete descr ip t ion  of t he  ana ly t ica l  methods used t o  compute the  ablat ion 
c h a r a c t e r i s t i c s  of t e k t i t e  g l a s s  would comprise t h e  proportions of a separate  
paper. I n  t h i s  appendix, however, a condensed account i s  presented of t h e  p r i n -  
c i p a l  equations solved and of t h e  mos t  important physical  p roper t ies  of t e k t i t e  
g l a s s .  

The th ree  basic  conservation equations describing flow of t h e  viscous layer  
of f l u i d  g l a s s  i n  t h e  v i c i n i t y  of a stagnation point a r e  wel l  known. They a r e  
simpler than  t h e  f u l l  equations of viscous f l u i d  motion inasmuch as i n e r t i a  terms 
a r e  negl ig ib le  compared t o  shear and pressure gradient  terms. I n  a curv i l inear  
coordinate system of the  boundary-layer type, with independent space v a r i a b l e s  
(x,  y )  measured i n  t h e  d i r ec t ions  i l l u s t r a t e d  i n  f igu re  6, and with corresponding 
v e l o c i t y  v a r i a b l e  (u ,  v )  measured s imi la r ly ,  t h e  conservation equations f o r  t h e  
flowing g l a s s  l aye r  a r e :  

Momentum 

Mass 

- + - + - - = o  au av 
ax x ay 

Physical p roper t ies  of t h e  g l a s s  a re  represented by t h e  densi ty  p, v i s c o s i t y  p, 
spec i f i c  heat cp, and thermal conductivity k .  Aerodynamic conditions determine 
the  pressure gradient  dp/dx and t he  body-force t e r m  p a l m :  i n  a laboratory 
experiment t h e  "accelerat ion" a would equal +g ( g r a v i t a t i o n a l  acce lera t ion)  f o r  
an a i r  stream moving v e r t i c a l l y  downward, -g f o r  one moving v e r t i c a l l y  upward, 
and zero f o r  one moving horizofitally;  i n  an atmosphere e n t r y  a would equal t he  
negative of t h e  decelerat ion,  and would be var iable  from point t o  point i n  t h e  
t r a j e c t o r y .  The ne t  f l u x  of rad ian t  ene rgy t r anspor t ed  i n  the  y d i r e c t i o n  i s  
( see Kourganoff, 1952; and Kadanoff, 1961) 
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where n i s  t he  index of re f rac t ion ,  a t h e  absorption c o e f f i c i e n t  (em-l), CI t he  
Stefan constant (1.369~10-l~ cal/cm2 see OK"), and 
uniform temperature ( a  funct ion of 

Em t h e  maximum emiss iv i ty  f o r  
n, as given by Gardon, 1961).  

The equations f o r  momentum and mass conservation a r e  r e a d i l y  solved. I n  t h e  
v i c i n i t y  of a s tagnat ion point  u v a r i e s  l i n e a r l y  with x, and t h e  momentum 
equation can be in tegra ted  t o  y i e l d  

where - r tW i s  t h e  wal l - shear  s t r e s s  gradient  dTw/dx a t  t he  g l a s s - a i r  i n t e r f a c e .  
Similar ly ,  with &/ax known, the  m a s s  equation can be in tegra ted  

where v, i s  the  ab la t ion  r a t e ,  o r  v e l o c i t y  of recession, of t he  s tagnat ion po in t .  
Throughout t h i s  paper, 

i s  used t o  designate the  recession dis tance of t h e  s tagnat ion po in t .  

One of t h e  two mathematical procedures employed t o  solve the  energy equation 
u t i l i z e s  an i n t e g r a l  method; designated Method I here in .  I n t e g r a l  methods a r e  
commonly used i n  boundary-layer analyses, and lead t o  r e l a t i v e l y  simple computa- 
t i o n s  through the  a r t i f i c e  of converting t h e  p a r t i a l  d i f f e r e n t i a l  equation f o r  
T(y, t )  in to  an ordinary d i f f e r e n t i a l  equation. D e t a i l s  of t h e  procedure a r e  not  
given here,  as they are similar t o  those of previous inves t iga t ions  ( e .g . ,  Bethe 
and M .  Adams, 1959, Georgiev, 1959). It w i l l  s u f f i c e  t o  note  t h a t  t h e  p a r t i c u l a r  
method employed represents  a genera l iza t ion  of t h e  previous methods t o  include t h e  
e f f e c t s  of i n t e r n a l  rad ia t ions ,  of a temporally varying emissivi ty ,  of body forces ,  
and of a cer ta in  small term i n  the  energy equation which w a s  disregarded i n  t h e  
o r i g i n a l  paper of Bethe and Adams. I n  Method I t h e  momentum and m a s s  equations 
a re  solved a n a l y t i c a l l y  by representing t h e  temperature d i s t r i b u t i o n  within t h e  
t h i n  l i qu id  l aye r  as an exponential func t ion .  
heat ing r a t e  
putes t h e  extent of ab la t ion  vw/v,, t h e  
surface temperature 
and several  other  quan t i t i e s  as a funct ion of t ime.  I n  order t o  obtain c lose  
agreement with experiment, M .  Adams, Powers, and Georgiev (1960) have shown t h a t  
even f o r  'lopaque" g lasses  t h e  l i q u i d  l aye r  must be t r e a t e d  as f u l l y  t r a n s p a r e n t .  
The underlying reason f o r  t h i s  i s  a t t r i b u t e d  t o  t h e  extremely high r a t e s  of aero-  
dynamic heating; they  produce such t h i n  l i q u i d  l aye r s  ( 6  = 0.003 t o  0.005 ern 
during peak heating of a u s t r a l i t e s )  t h a t  only a small f r a c t i o n  of t h e  e x i t i n g  
rad ian t  energy i s  absorbed within t h i s  t h i n  l a y e r .  
g l a s s  y ie ld  ab la t ion  r a t e s  t h a t  a r e  higher than experiment. 

For a given aerodynamic input (given 
qo( t ) ,  enthalpy hs( t )  , pressure ps( t )  ) , t h e  machine program com- 

ys (em), t h e  mount  of vaporizat ion 
T, (OK), t he  c h a r a c t e r i s t i c  thickness  of l i q u i d  l aye r  6 (em), 

Calculations f o r  t r u l y  opaque 



The second mathematical procedure employed t o  solve t h e  energy equation 
(designated Method 11) u t i l i z e s  t h e  technique of f i n i t e  d i f fe rence  ca l cu la t ion .  
We a r e  indebted t o  our colleague, M r .  Fred W .  Matting, who a s s i s t e d  with t h i s  
method of computation. 
a b l a t i o n  of g lasses  and other  mater ia ls ,  may be found i n  severa l  papers (Landou, 
1950; Lotkin, 1960; Fledderman and Hurwicz, 1960: and E.  Adams, 1961). 
s u f f i c e  t o  note here t h a t  a forward difference procedure w a s  used i n  t h e  present 
computations, as i n  these  previous inves t iga t ions .  This s t r i c t l y  numerical proce- 
dure solves  each of t h e  th ree  basic  conservation equations by taking small s t ep -  
by-step increments i n  t i m e .  The r e q u i s i t e  smallness of time increment i s  determined 
empir ical ly  by t h e  process of employing successively smaller increments u n t i l  no 
appreciable changes i n  end r e s u l t s  a r e  obtained. The machine program f o r  Method I1 
computes t h e  same quan t i t i e s  as f o r  Method I, but requires  an order of magnitude 
more machine computation t ime.  Both methods provide good r e s u l t s ,  as shown 
elsewhere i n  t h i s  paper. 

D e t a i l s  of t he  f i n i t e  d i f fe rence  procedure, as appl ied t o  

It w i l l  

Various aerodynamic equations common t o  Methods I and I1 a r e  employed i n  t h e  
computations. The p r i n c i p a l  equations involve t h e  aerodynamic heating r a t e  f o r  
zero vaporizat ion qo, t h e  heat blockage f ac to r  $ due t o  vaporizat ion,  t h e  m a s s  
r a t e  of vaporization, t h e  mass r a t e  of vaporization pvw, the  pressure pv and 
heat hv of vaporization, t he  g l a s s  thermal conductivity kw and a i r  enthalpy 
hw at  t h e  w a l l  temperature, t he  stagnation-point enthalpy hs and pressure ps, 
t h e  v e l o c i t y  gradient  
t h e  shear stress a t  t h e  w a l l  wi th  vaporization and without T ~ ~ .  These 
equations a r e  l i s t e d  here f o r  reference.  

due/dx a t  t h e  external  edge of t h e  boundary layer ,  and 

Wall boundary condition : 

Solut ion t o  boundary-layer d i f fus ion  equation ( f o r  Lewis number Le and r a t i o  M 
of vapor t o  a i r  molecular weight) :  

Heat blockage f a c t o r  as determined from various so lu t ions  t o  t h e  boundary-layer 
equations : 

+ =  O m g 4  - + 0.06 
"1 1 + --I- 

-- - ps 1 
g, 
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Shear reduction f a c t o r  s i m i l a r l y  determined: 

Relationship between shear and heat  t r a n s f e r  f o r  no vapor iza t ion  

Vaporization suppression by oxygen: 

Veloci ty  gradient : 

I n  t h i s  l a s t  equation p d p s  
t o  t h a t  a t  t h e  s tagnat ion  point ,  and f 
determined from experiment i n  a given a rc  j e t ,  and, from so lu t ions  t o  t h e  i n v i s c i d  
ex te rna l  flow equations i n  hypervelocity f l i g h t .  

i s  t h e  r a t i o  of air  dens i ty  upstream of t h e  shock 
i s  a f a c t o r  c lose  t o  u n i t y  which i s  

The three  aerodynamic constants  appearing i n  t h e  above equations are determined 
from various numerical so lu t ions  t o  t h e  boundary l a y e r  equat ions:  
employed herein f o r  t e k t i t e  g l a s s  a r e  
exponent 
s i l i c a  ( e  .g . , Hidalgo, 1960) . 

t h e  value 
a3 = 1.025. a1 = 0.95, a2 = 0.28, and The 

m = 1 .4  i s  deduced f r o m t h e  chemical r eac t ion  equations f o r  vaporizing 

The above equations a r e  appl icable  t o  t h e  continuum gas dynamic regime. 
During an en t ry  f l i g h t  t h e  f r e e  molecule regime and then a t r a n s i t i o n a l  regime a r e  
encountered. before  t h e  continuum regime. 
i s  no heat  blocking e f f e c t  by t h e  vaporizing spec ies .  The e s s e n t i a l  equations i n  
t h i s  regime a r e  w e l l  known (Hayes and Probstein,  1959) and need not be reproduced 
he re .  Equations f o r  t h e  t r a n s i t i o n a l  regime a r e  l e s s  we l l  known, t h e  most impor- 
t a n t  of which i s  t h a t  f o r  t h e  aerodynamic heat ing r a t e .  
t h e  experiments of F e r r i  and Zakkay (1962),  t h a t  a good a n a l y t i c a l  representa t ion  
of t h e  experimental da t a  i s  

I n  t h e  f r e e  molecule flow regime t h e r e  

It has been found, from 
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the free-molecule flow value,  a t  any 

Analogous t r a n s i t i o n  equations have been developed and 
' q% 

where qoc i s  t h e  continuum value 

given Reynolds number. 
used i n  t h e  computation of t e k t i t e  t r a j e c t o r i e s  f o r  t h e  other  aerodynamic q u a n t i t i e s  
which e n t e r  t h e  a n a l y s i s .  

The most important equation of t h e  e n t i r e  ana lys i s  i s  t h a t  f o r  t h e  r a t e  of 
heat ing a t  a s tagnat ion  point  in laminar continuum flow. With FQ i n  cm, f l i g h t  
v e l o c i t y  V, i n  km/sec, a i r  dens i ty  p, i n  gm/cs  and kc i n  cal/cm2 sec, we 
have 

This equation i s  es tab l i shed  on both ana ly t i ca l  so lu t ions  of t h e  f u l l  boundary-layer 
equations (Fay and Riddel l ,  1957) and on experimental co r re l a t ions  or shock-tube 
experiments (Detra, Kemp, and Riddell ,  1957); i n  addi t ion ,  it has been confirmed 
i n  f l i g h t  t e s t s  (e .g . ,  Yee, Bailey, and Woodward, 1961). Other equations, such as 
those per ta in ing  t o  gas cap rad ia t ion ,  and t o  t h e  e f f e c t s  on 
i n t e r a c t i o n  and ion iza t ion ,  a r e  of r e l a t i v e l y  small importance i n  the  e n t r y  condi- 
t i o n s  of a u s t r a l i t e s  and a r e  not discussed here .  Such f ac to r s ,  though, have been 
considered i n  a l l  of t h e  computations. 

qoc of v o r t i c i t y  

The above equation f o r  qoc 
or i s  turn ing  about an a x i s  p a r a l l e l  t o  t h a t  of t h e  f l i g h t  pa th .  A s  previously 
noted a small por t ion  of t h e  a u s t r a l i t e s  may have been turn ing  slowly p r i o r  t o  
e n t r y  i n t o  t h e  e a r t h ' s  atmosphere; but ,  t h e  ex is tence  of a slow, pre-en t ry- turn ing  
of a sphere which would not be opposed by aerodynamic damping fo rces  o ther  than 
r o t a t i o n a l  f r i c t i o n  u n t i l  ab l a t ion  begins, would not necessa r i ly  be d i sce rn ib l e  
from a study of t h e  f i n a l  ab la ted  scu lp ture .  This s i t u a t i o n  a r i s e s  because t h e  
aerodynamic fo rces  a r e  s t rongly  s t a b i l i z e d  as soon a s  t h e  ab la t ion  ys progresses 
t o  a degree, say, ys/FQ = 0.2 f o r  which t h e  ab la ted  shape becomes highly s t a b l e .  
If t h e  turn ing  ax i s  happens t o  be perpendicular t o  t h e  f l i g h t  path, any por t ion  of 
t h e  surface i s  exposed during pre-ablat ion heating to a r a t e  t h a t  is ,  a t  most,  
one-fourth t h a t  of t h e  s tagnat ion-point  heating r a t e .  During t h e  i n i t i a l  s tages  
of ab la t ion ,  as t h e  wobbling t e k t i t e  s e t t l e s  i n t o  a s t a b l e  pos i t ion ,  t h e  wandering 
s tagnat ion  point  exposes t h e  surface t o  heating r a t e s  t h a t  f i n a l l y  approach t h e  
f u l l  value q, f o r  s t a b l e  f l i g h t .  The heating r a t e  expression 

app l i e s  only t o  a body t h a t  e i t h e r  i s  not tu rn ing  

has been used i n  t h e  present  ca lcu lz t ions  tc allex: fer t h e  inf luence of pre-entry 
turn ing  on t h e  amount of ab la t ion  t h a t  occurs during en t ry .  

During t h e  atmosphere en t ry  of a t e k t i t e ,  t h e  rad ius  of curvature RF, t h e  . 
mass m, t h e  drag coe f f i c i en t  CD, and t h e  f r o n t a l  a r ea  A a l l  vary  with t h e  
ex ten t  of ab la t ion  ys.  The appropriate  Fp(ys) func t ion  for t h e  a u s t r a l i t e s ,  as 
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i l l u s t r a t e d  i n  f i g u r e  3, has been used i n  t h e  en t ry  t r a j e c t o r y  computations. 
S imi la r ly  appropriate funct ions represent ing t h e  v a r i a t i o n  i n  m, CD, and A a l s o  
have been fieveloped and used i n  t h e  computations. 

Indispensable t o  a l l  t h e  ca lcu la t ions  i s  an adequate knowledge of t h e  var ious 
physical  propert ies  which a f f e c t  ab la t ion .  
physical  propert ies  of t e k t i t e  g l a s s  depend i n  an important way on t h e  chemical 
composition, e spec ia l ly  t h e  s i l i c a  content .  Inasmuch as a f u l l  account of measure- 
ments conducted t o  da te  on these  proper t ies  would swel l  t h i s  paragraph i n t o  a b r i e f  
paper, only a t y p i c a l  s e t  of t hese  data ,  namely, t h a t  f o r  t h e  average Port  Campbell 
a u s t r a l i t e  containing 76-percent s i l i c a  i s  l i s t e d  here ( T  

A s  mentioned e a r l i e r ,  some of t h e  

i s  i n  O K ) :  

Density (chemical balance measurement) : 

p = 2.40 gm/cm3 

Specif ic  heat (from calor imeter  measurement) : 

cp = 0.228 + O.OOOo6T - 6500 -~ c a l  
T2 gm OK 

Thermal conduct ivi ty  (from cp, p, and thermal d i f f u s i v i t y  measurement by a 
sandwich method) : 

0.45 k = 0.00405 - -- 
T 

Viscosi ty  (from ro ta t ing  cyl inder  measurement) : 

2n p = -- 27620 - 9.09 poise  
T - 262 

Vapor pressure (mass loss measurements) : 

Zn pv* - - - _II 57800 + 19.1 (pv* i n  a t m )  
T 

Heat of vaporizat ion (same as s i l i c a )  : 

k, = 3050 cal/gm 

Opacity (appropr ia te  wave length in t eg ra t ion  of da ta  of Cohen (1958) ) : 

CL = 19 cm-1 

Index of r e f r ac t ion  (Barnes 1939, Baker, 1959): 

n = 1.50  
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I 

Maximum emissivities (Gordon, 1961, for above value of n) : 

It is emphasized that these are the properties for only one composition of 
Australian tektite glass. Some of the australites from the same location, namely, ' Port Campbell, correspond to p = 2.37, to lower pv, and to higher p; while 

I others correspond to p = 2.44, to higher h, and to lower IJ-. The appropriate 
variation in properties has. been used for all computations presented herein. 1 

t 
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AERODYNAMIC ABLATION OF GLYCERIN GLASS 

TASMANIAN TEKTITE 

R 
A-29583-2 

Figure 2.- Comparison of a wide-flange tektite from Tasmania with a model 
of glycerin glass photographed during ablation in a vertical wind tunnel. 
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Figure 3.- Congruence between geometric relationships of Australian 
tektites and tektite glass models ablated by aerodynamic heating. 
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AERODYNAMIC ABLATION AUSTRAL I AN TE KT I TE 

Figure 4.- Comparison of t h i n  sect ion of an a u s t r a l i t e  (Baker 279, Port 
Campbell, Victor ia)  with t h i n  sect ion of a model of t e k t i t e  g lass  
(constructed from a r i z a l i t e )  ablated by aerodynamic heating. 
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Figure 5.- Correspondence of d e t a i l s  of f lange s t ruc ture .  
53 



I mm 

_--- 

.* 
* .  

1 .  

.I 

STRIA DISPLACEMENT d COORDl NATES (x,  y) 
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Figure 13.- Comparison of calculated and measured brightness temperature 
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ABLATION 

I 
3000- BEGINS 

ABLATION 
ENDS 

I 
I ' I 4 1  . -  
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vaporized ab la t ion  during en t ry  of a u s t r a l i t e  i n t o  t h e  e a r t h ' s  
atmosphere; Vi = 11.2 km/sec, Ti = 20°. 
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